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PEEFAOE. 



The following work has been prepared to meet a want 
experienced by myself in my course of instruction in 
Thermodynamics. 

After reading several works upon the subject, including 
those of the founders of the science — Rankine, Clausius, 
Thomson — I was most favorably impressed with the spirit 
of Rankine's mode of discussing the subject. It is in keep- 
ing with the modem method of treating Analytical Mechan- 
ics, in which the analysis is founded upon ideal conditions 
established by definitions, and the resulting formulas modi- 
fied to represent the infinite variety of conditions in nature. 

But Rankine's giant-like processes are not adapted to the 
wants of the average student. Article 241 of his Steam 
Engine and other Prime Movers reaches the height of 
sublimity in regard to terseness, comprehensiveness, and ob- 
scurity. Without a proper preliminary, he crowds into a 
few words a principle which has cost other writers protracted 
labor and heroic efforts to establish. 

My aim has not been to bring down the subject to the 
comprehension of the reader, but to lead him up, by a more 
easy and uniformly graded path, to the same height, and at 
the same time familiarize him with the way by a free use of 
illustrations, exercises, historic references, and numerical 
examples. 



IV PREFACE. 

The body of the work contains a development of the es- 
sential principles of the subject, to which I have added an 
Addenda, for the purpose of enlarging upon the matter con- 
tained in some of the articles, more especially those pertain- 
ing to vapors. This enabled me to follow the thread 
of subject more closely without turning aside to consider 
applications to a variety of substances, and to enlarge more 
freely upon those secondary matters when separated from 
the body of the text. 

Special attention is called to the graphical representation 
of internal work, as in Figs. 36 and 37, supposed to be new, 
as well as many of the exercises and the discussion of Efi- 
tropy^ or the Therrnody^namic Function. 

De Volson Wood. 
HoBOKEN, Sept., 1888. 



THIRD EDITION. 

The treatment of the theoretical part of Thermodynamics, 
including its application to the steam engine, as far as page 
180, is the same in this edition as in the first and second 
editions. Since the first edition there have been added the 
following subjects : Vapor Engine ; Sterling's Engine ; 
Ericsson's Hot- Air Engine ; Gas Engine ; Naphtha Engine ; 
Ammonia Engine ; ^ Steam Injector ; Pulsometer ; Com- 
pressed-Air Engine ; The Compressor ; Steam Turbine ; Re- 
frigerating Machines ; Miscellaneous matter in an Addenda ; 
Combustion of Fuel ; Steam, Ammonia and other Tables. 
The Ammonia Tables have been computed from the formu- 
las of the author and are new. 

Thk Author. 

August, 1889. 
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THERMODTI^AMIOS. 



CHAPTEE I. 

FUNDAMENTAL PKINCIPLE8 AND GENERAL EQUATIONS. 

!• Heat Is energy. — Energy is a capacity for doing 
work, and it has been shown in many ways that heat, by its 
action upon substances, can do work. Thus, it may cause 
steam to drive a piston ; it causes solids and liquids to ex- 
pand, and changes the molecular condition of bodies, as 
when solids are fused or liquids vaporized. Ileat is also 
recognized as a sensation. 

2. Heat is not material* — ^A body has the same 
weight when hot as when cold. Count Rumf ord, in 1798, dis- 
covered that he could boil a large quantity of water by the 
heat produced in boring a piece of cannon. Sir Humphry 
Davy (about 1799) melted ice by rubbing two pieces to- 
gether without heat being imparted to them. 

3. Heat consists of a motion of the particles 
of a body. — The only known method of directly meas- 
uring energy is by a combination of mass and velocity ; thus, 
if m be the mass of a body and v its velocity, then will its 
kinetic energy be ^ niv^. The mass being constant while the 
body is lieated we infer that its heat energy is produced by 
tlie velocity of its mass elements. These motions are in- 
visible, and hence their character can only be inferred ; it 
may be a motion of the ultimate atom, or of an atmosphere 
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about the atom, a vibratory or periodic motion of some kind, 
or a combination of simple motions. It is probably not a 
to-and-fro rectilinear motion of the molecule. A develop- 
ment of the theory of heat, fortunately, does not require 
a knowledge of this motion, or even a particular hypothesis, 
beyond the fact that there is a motion of some kind. Rankine 
constructed an hypothesis called " molecular vortices," from 
which he deduced many important consequences pertaining 
to heat. (See Edinhurgh Trans,^ vol. xx. ; Philosophical 
Mag,, 1851 and 1855.) 

4. Velocity of heat. — The perfect identity of the 
laws of radiant heat with those of light as to reflection, 
refraction, interference and absorption, and the identity of 
their velocities, being 186,300 miles per second, requires 
essentially the same theory as to their nature and mode of 
propagation. Electricity is also a form of energy and gov- 
erned by laws similar to those of heat. As light is trans- 
mitted by means of a subtle ether pervading all space, and 
called the luraiiiiferous ether, so it is believed that the same 
.ether transmits heat, electricity and magnetism. (See Ap- 
pendix.) 

6. Heat-euergy is measured only by its ef- 
fects. — The kinetic energy of a mass may be computed if 
its mass and velocity are known, or it may be determined by 
the work it does in being brought to rest, but since the ve- 
locity of the particles producing heat cannot be measured, 
heat-energy can be measured only by its effects. Thus, if 
a ball of hot iron would just melt one pound of ice, and 
after being heated again would just melt two pounds of ice, 
then would the ball in the second case have contained twice 
the heat above the melting-point of ice that it did in the 
first case. Similarly, it requires about twice as much heat 
to raise the temperature of a given amount of water two 
degrees as it does one degree. The same principle applies 
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to other bodies of one substance having diflEerent weights 
and to bodies composed of different substances, or to hetero- 
geneous substances. For scientific purposes some specific 
effect must be assumed as a stamlard^ and considered as a 
un it, 

6. The thermal unit is the heat necessary to raise the 
temperature of unity of weight of water at its maximum 
density one degree. 

Water is at its maximum density at 39.1° F. (4°C.). Ac- 
cording to the experiments of Kopp, its vohime is* 1.00012 
at 32° F., 1.00000 at 39.1° F., 1.00011 at 46° F., and 1.04312 
at 212° F. 

The British Therraal Unit (B. T. II.) is the heat neces- 
sary to raise the temperature of one pound of water from 
39° F. to 40° F. 

The French Calorie is the heat necessary to raise the tem- 
perature of one kilogramme of water from 4° C. to 5° C, and 
is 3.968 times the B. T. U. 

Some writers, in defining the thermal unit, start the meas- 
urement with the tempeniture of melting ice, instead uf at 
39° F., and although there is but little difference ])etween 
the two values thus ol)tained, yet for scientific purposes and 
for physical reasons, the latter is preferable, and should be 
generally adopt^^d. 

7. Work. — When heat-energy disappears as heat, it must, 
according to the principles of the conservation of energy, 
appear or exist in some other form of energy. When the heat 
in steam drives the piston of Jin engine, the steam lo^es heat 
by the operation, and an exact equivalent of the energy 
so disappearing reappears as work done or as energy in 
the moving parts of the engine, no allowance being made in 
this illustration for losses due to radiation or friction. To 
aid one in tliis conception conceive that one end of the cyl- 
inder is filled with small, perfectly elastic balls, bounding 
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and rebounding between the head of the cylinder and the 
piston ; they will, by their continued action, produce a pres- 
sure upon the piston. If the piston moves forward the 
energy of the balls will be diminished, as is shown in me- 
chanics in the discussion of the impact of elastic bodies, and 
this loss of energy will equal tliat imparted to the piston, or, 
if the piston moves unifonnly, equal to the work done. In 
general, when heat-energy disappears it is said that an equiv- 
alent amount of work has been done, although the entire 
work may not be visible energy. Some of it may produce 
molecular changes in the substance. In the preceding illus- 
tration, if the piston be forced inward against the rebound- 
ing balls, their velocity will be increased, and hence their 
energy will be increased by an amount equal to the work 
imparted to them by the piston. 

8. Internal work is some kind of effect produced 
upon the molecular character of a substance. Thus, if one 
pound of water at 32° F. be mixed with one lb. at 33° F. it 
will produce two pounds of water at 32^° F., but if one 
pound of ice at 32° F. be mixed with 1 pound of water at 33° 
F. the temperature of the mixture will be 32° F. Indeed, 
it is found by experiment that it will require about 144 
pounds of water at 33° to melt one pound of ice producing 
145 pounds of water only a very little above 32° F., so that 
nearly all the heat between 32° F. and 33° F. in the 144 
pounds of water is necessary to change solid water (ice) at 
32° to liquid water at the same temperature. Similarly, a 
large amount of heat is absorbed in changing liquid water 
at 212° F. to gaseous water (steam) at the same temperature. 
This disgregation of the molecular structure is called inteymal 
work^ or energy of a potential form. 

9. The actual heat-energy of a substance is de- 
pendent upon its temperature. The heat absorbed by a 
substance may do external work, as in driving a piston, and 
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internal work, as shown in the preceding article, and in ad- 
dition to both it may increase the temperature of the sub- 
stance, thus increasing its energy. The last is called actual 
energy. The actual energy is some function of the tempera- 
ture. 

lO* Latent heat is heat which produces effects other 
tlian that of change of temperature. Strictly speaking, it is 
not heat, but is a measure of the heat which has been de- 
stroyed in producing eflEects other than that of changing the 
actual energy of the substance. Thus, heat becomes latent 
in producing changes in the state of aggregation of the sub- 
stance, as in fusion, vaporization or sublimation ; and as defined 
in Article 8, constitutes internal work. But it also becomes 
latent in doing external work by expansion, and if the tem- 
perature be maintained constant during expansion, the heat 
destroyed in doing the work is called ths latent heat of 
expansion. 

11. General expression. — The total heat in a defi- 
nite weight of any substance is unknown, although if gases 
were perfect it might be computed, as will hereafter be 
shown ; but it is possible to find expressions for the heat ab- 
sorbed in passing from one known state to another, for we 
have 

Heat absorbed = change of actual energy -j- change of 

potential energy -f- external work ; 

= total change of internal energy + exter- 
naJ. work / 

= change of a^xuH efnergy -\- total work. 

In this expression the total internal energy includes all the 
heat involved both in changing the temperature and the in- 
ternal structure of the substance. 

12. Temperature is a condition of relative heat. Ex- 
perience shows that when two bodies, one hotter than the 
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other, are near each other, the hot body becomes cooler and 
the cooler one hotter. Heat of itself passes from a hotter tQ 
a colder body, and this process cannot be reversed except by 
an expenditure of mechanical energy. The hotter body ia 
said to have a higher temperature than the colder one. 

Temperature is not an indication of the quantity of heat 
absorbed by a body, nor of the amount of heat in a body, 
but of the intensity of the heat. Thus, if a pound of iron 
has the same temperature as a pound of water, the latter will 
contain about eight times as much heat as the former for each 
degree, as would be found by putting each pound into an- 
other quantity of some liquid at a different temperature. 

Temperature is a measure of the sensible heat — that is, 
actual heat — which can affect the senses. 

13. Thermometers are instruments for measuring 
differences of temperature. The more common ones depend 
for their action upon the expansibility of a liquid — such as 
mercury or alcohol. The liquid is confined in a tube as 
nearly cylindrical as possible, within which it expands. 
When the expansion of metals is employed for determining 
temperature, the instruments used are called j^y^onieters. 

The air thermometer depends for its action upon the 
pressure produced by heat at constant volume. 

All thermometers have two Ji:ced points : one the melting 
point of ice, the other the boiling point of water at atmos- 
pheric pressure. 

The melting point of ice is a more nearly fixed point 
than the freezing point of water. In some carefully con- 
ducted experiments water has been reduced several de- 
grees below the ordinary freezing point, 32? F., before freez- 
ing. To secure such a result, the water must be kept in a 
condition of as perfect lest as possible. The boiling point 
of water depends upon the pressure to wliich it is subjected ; 
and since the pressure of the atmosphere is continually 
clianging, as shown by the barometer, the pressure of one 
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atmosphere must h^ fixed for scientific purposes. The value 
determined by Regnault, and now generally adopted, is 
2116.2 pounds per square foot, or 14.7 pounds, very nearly, 
per square inch. In detennining the boiling point of water the 
thermometer should be placed in the vapor near the water. 

The Fahrenheit scale has 180 equal divisions between the 
fixed points, and the zero of the scale is 32 such divisions 
below the melting point of ice. It is designated by F.^ or 
Fahr. 

The Centigrade scale has 100 equal divisions between the 
fixed points, its zero being at the lower or melting point of 
ice. It is indicated by C. It is sometimes called the Celsius 
scale. 

The Reaunmr scale has 80 equal divisions between the 
fixed points, its zero being at the lower. 

To reduce the readings of one scale to those of another, 
the following equations may be used : 

C^=|(i^~32°); F= f 0^-1-32°; R = ^ C. 

The construction here implied assumes that liquids ex- 
pand equally for equal quantities of heat, and that the 
tubes containing them are uniform ; but neither of these 
conditions are exactly realized, the practical considerations 
of which belong to TherTnometry. 

14. The Air Thermometer. — In order to gain an 
idea of an elementary air thermometer, conceive a small, 
perfectly cylindrical tube closed at the lower end to contain 
a quantity of air, limited at its upper end by a drop of 
mercury acting as a piston. Subject this instrument to the 
temperature of melting ice under the pressure of one atmos- 
phere, 29.922 inches of mercury, and mark the upper end of 
the air column ; then, next subject it to the temperature of 
boiling water under the same pressure and mark the upper 
end of the air column at this temperature. The two marks 
will be tlxG fixed points before described. If the length of 
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the column from the lower end to the lower mark be unity, 
then will its length to the upper mark be 1.3665 aB found by 
Eegnault. The expansion is 0.3665 of its original volume. 
For the Fahrenheit scale the space between the fixed points 
would be divided into 180 equal parts, and hence each part 
would be ^^/^- = 0.00203611 of the distance below the 
lower fixed point. If the length below the lower fixed point 
be divided into equal parts of the same magnitude, the num- 
ber of such spaces will be, 

^_, - J^ - 491 13 

0.00203611 "" 0.3665 " *'^^-^^- 

If these parts are numbered according to the natural 
numbers, 0, 1, 2, 3, etc., beginning with zero at the extreme 
lower end of the tube — called the absolute zero of the air 
thennometer — then would the temperature of melting ice 
be 491.13*^ F. from the absolute zero of the air thermometer, 
and that of boiling water 671.13° F. from the same zero. 
If air were a perfect gas, this would constitute an absolute 
scale, but as it is not, a correction is required in order to es- 
tablish such a scale. For air thermometers the pressure at 
constant volume is commonly used, instead of the volume at 
constant pressure as above described. 

15. A perfect gas is defined to be such that, under a 
constant pressure, its rate of expansion would be exactly 
equal to the rate at which it absorbs heat, and, the volume 
l)eing constant, increments of pressure will be equal for 
equal increments of heat. In other words, it would be a 
substance ii^ which no internal work would be done by 
changes of temperature or pressure. No such substance is 
known — it is ideaJ^, subjected merely to a definition and to 
laws to be assigned — and yet it is of great service in this 
science. The idea of a perfect gas was the result of ex- 
periments upon existing gases, as air, oxygen, hydrogen, etc., 
which, at first, were supposed to be represented by the per- 
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feet law. In meehanies, at the present time, the bodies 
treated are, at first, the subjects of definition, and considered 
perfect, as perfect solids^ perfect liquids^ perfectly elastic^ 
etc., and the results obtained from these hypotheses made 
practical by the introduction of moduli the values of which 
are found by experiments. The same method is adopted in 
this science. 

16« An absolute scale is one whose divisions would 
be indicated by a perfect gas thermometer. On such a 
scale the divisions would be exactly equal for equal incre- 
ments of heat down to the zero of the scale. Since a per- 
fect gas is unknown, the zero of the absolute scale can be 
determined only approximately by computation, as will be 
shown hereafter, where the best result yet obtained fixes 
it at 492.66° F. below the melting point of ice. The letter 
F. here affixed implies that there are 180 divisions between 
the fixed points, as in Falirenheit's scale. This zero on the 
centigrade scale is | of 492.66° = 273.7° C. Temperature 
on the absolute scale will generally be indicated by the 
Greek letter r, and the temperature of melting ice by r^. 
If T° F. indicate the temperature from the zero of the Fah- 
renheit scale, and T° C. from the zero of the centigrade 
scale, we will have 

r„ = 492.66° F = 273.7° C. 

r = 460.66° i^+ T F. 

= 273.7° C'\^ T a 

It is found that air is so nearly a perfect gas within the 
ranges of temperature and pressure for which it has been 
tested that it may be considered as such for all practical 
purposes, and will be so considered theoretically except in 
the determination of the place of tlie zero of the absolute 
scale. Further, the ordinary mercurial thermometer agrees 
sufficiently well with the air thermometer for the more or- 
dinary ranges of temperature met with in engineering prac- 
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tice to be used in sucli cases. But for scientific purposes 
and for extreme cases in practice, the difference is too large 
to be ignored. Regnault found that when the air tlier- 
mometer marked 630° F. above the melting point of ice, the 
mercurial thermometer indicated 651.9° above the same 
point, a difference of about 22°. Liquids generally expand 
more rapidly the higher the temperature. 

1 7 • The absolute zero of temperature is the 

zero of the absolute scale, and corresponds to the condition 
of total deprivation of heat ; at which temperature no sub- 
stance could exercise any expansive power. This tempera- 
ture has never been reached, and the nearest approach to it 
has been produced by expansion in liquefying air, oxygen and 
nitrogen, reaching — 373° F. (—225° C), or more than ^ the 
distance from the zero of Falirenheit to the absolute zero. 
{Camptes Rendu^^ Feb. 9, 1865 ; Jour, Frank, Inst.^ Sept. 
1886, p. 213). The absolute zero is about 492.66-491.13 
= 1.5 degrees Fahr. below the zero of the air thermometer, 
as computed on the hypothesis of the same rate of contrac- 
tion of air below 32° as from 32° to 212°. This law might 
change as the temperature was extremely reduced, but it 
would continue uniform for the ideally perfect gas. 

18. The equation of a gas is an equation expressing 
a continuous relation between its volume, pressure and tem- 
perature throughout a finite range of the same. Let p be 
the pressure on a unit of area of the substance when the 
volume of one pound is v and absolute temperature is t, 
then, generally, 

which may be considered as the equation to a surface, called 
the therm odynarnic surface, 

19. Equation of a perfect gas. — According to the 
definition in Article 15, 

{p\ oc r, and {v)p cc t, 
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wliere the Bul^scripts represent the quantities which are 

constant while the others vary, and couxbining these in one 

expression, we have 

j> V o: r, 

or, ijv ^ p,v, ^ ,j. 

where p^^ v^^ r, are contemporaneous fixed values. Let jt>o 
he the pressure of one atmosphere, r^ the absolute temper- 
ature of melting ice, and v^ the volume of one pound of the 
gas at that pressure and temperature, then will equation (1) 
])ecome 

£JL = PjL3L=-R{s^y), (2) 



^0 



which is the equation required. The values of p^ and r^ 

have already been given and are independent of the nature 

of the gas, but v^ depends upon the density of the gas. A 

cubic foot of dry air weighs at sea level at the temperature 

of melting ice 

w, = 0.080728 pounds ; 

hence, 

1 

V, = = 12.387 ; 

0.080728 

. J>, n ^ 2116.2 X 12.387 _ 26214 __ ^^^^ 
r, 492.66 492.66 ' ' 

when r^ is measured from the zero of the absolute scale ; 
but if it be from the zero of the air thennometer, we have 

IsJ^ = 26m ^ 53 37 
r„ 491.13 ' 

and equation (2) becomes, 

for the absolute scaley p v = 6S.21 r, (3) 

Jbr the air thermometer^ p v = 63.37 t. (3') 

For French units, let 

pn' = the pressure of one atmosphere in kilogramme^ per square metre, 
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i?o' = the volume of a kilogramme of the gas hi cubic metres. 
To' = the absolute temperature of melting ice on the centigrade scale ; 
then 



po' Vo' __ 2.2 (3.28)" _ 1 poVo 

to' 6 To 1.8222 To ' 

which for air becomes in kilogramme — ^metre — centigrade units (k. m. c). 

omitting the accents, 

pv = 29.20 r ; 
and in decimetre — kilo.— centigrade units, 

pv = 2.920 r. 

20. Mariotte's law. — If the temperature be con- 
stant, equation (2) shows that the volume varies inversely as 
the pressure ; a law discovered by direct experiments upon 
gases, and known as Mariotte's law, supposed by some to 
have first been discovered by that investigator, but by others 
this credit is given to Boyle. For a time after the announce- 
ment of the law it was supposed to be pei'fect for the so- 
called permanent gases, but more refined experiments have 
shown that tlie actual law governing them is only a very 
close approximation to it. 

31. Law of Gay Lussac (or of Charles). — According 
to equation (2), if the pressure be constant, the volume will 
increase directly as the temperature, or 

rf 2/ = — rf r, 
P 
a law discovered by Gay Lussac (or, according to some, by 
Charles) by experiments upon actual gases, and known as 
the law of Gay Lussac. At first it was supposed to be the 
perfect law of the so-called permanent gases, but it is now 
known not to be exact though very nearly so. Originally, 
it was not stated in terms of the absolute temperature, as that 
term was not then known, but the law of the increments is 
the same on any thennometric scale. 

22. The so-called iniperfeet gases include all 
such as cannot be represented with sufficient accuracy by 
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equation (2). All known gases are imperfect, strictly speak- 
ing, but the permanent gases are so nearly perfect that they 
may, for engineering purposes, be considered as perfect. No 
single formula can represent exactly the law of imperfect 
gases, but the most comprehensive one, and one which may 
be made to represent actual substances with sufficient ac- 
curacy for practical purposes, was deduced by itankine from 
his theory of Molecular Vortices^ and is 

^_/>^_^_«._«^_^. (4) 

in which «„, a„ a„ &c., are functions of the density to be 
determined by experiment ; but as the theory here referred to 
is not a recognized part of science, the formula is accepted 
only so far as it conforms to the results of experiment. 
(Rankine's Sc. Papers^ 32.) 

For carbonic acid gas the form of the equation, as con- 
firmed by the experiments of Regnauit, becomes 

;» « == -Pii!.- r - -A- = i? r - A, (5) 

r, TV TV 

in which p, = 21 16.2, v, = 8.1572, j?, v, = 17262, r, = 
492.66°, 6 = 481600; 

.-. ,, = 35 I - 1!1«?2. (6) 

V r V 

Sir William Thomson and Dr. Joule used, for imperfect 
gases, the formula, 

in which for air the constants for French units are 

R = 2.8659, a = 777 386, ^ = 844560, y = 21432'bS40. 
{Phil. Tran8. [1854], cxliv., 360). 

23. Thermal lines* — If one of the three variables in 
the equation of a gas be considered constant, the relation be- 
tween the other two will represent a locus, which may be 



14 THERMODYNAMICS. [24.] 

constnicted as in co-ordinate geometry. Such lines in this 
science are called tftennal li7ieSj and the diagram thus 
formed is called a diagram of energy. They may be con- 
ceived to be the projection on the co-ordinate planes of inter- 
sections with the thermodynamic surface of planes parallel 
to the co-ordinate planes. The projection on the plane whose 
axes are p and v is caUed the j^a^A of the fluid. The axes 
of the other planes are p and r and v and r. The path of 
the fluid receives more specific names in some cases, as lao- 
tJiermaU and Adiahatics. Thermal lines were first intro- 
duced by Clapeyron. 

24. Isothermal lines represent the relation between 
the pressure and volume when the temperature is maintained 
constant. In equation (2) if r be constant we have 

pv = Br = my (8) 

for the equation of an isothermal of a perfect gas. It is an 

equilateral hyperbola referred to its 
asymptotes as shown in Fig. 1, in which 
O a \& the axis of the hyperbola, the 
branches of which will be asymptotic 
respectively to the axes O v and Op; 
V being the axis of volumes and Op 
the axis of pressures. 

FIG. 1. EXERCISES. 

1. Construct an isothermal for air^ 
considered as a perfect ga*s. 

Assume a temperature of 60** F. or call it 520* F. absolute, then 

pv = 27669 
tj = 10, p = 2766.9 

t> = 100, p = 276.69 

V = p, p = 166.4 

V = 1000, p = 27.669 

&c. &c. 

These numbers are so large we take iiir of their values as inches, or parts 
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of an inch, and construct the curve as in Pig. 2. But for the equilateral 
hyperbola it is unnecessary to compute any co-ordinates except for the ver- 
tex c ; for, having found c by making p = « = 
Oa — ac, bisect a at d and make de = 2ac, 
&c. ; and make Og=:20a and ^ A = i a c, &c. 

2. Construct an isotliermal for air at " 
the temperature of 1° F. absolute. 

3. Find tlie vertex of the hyperbola 
of the isothermal for air whose tem- 
perature is r = 400° F. ' 

4. Find li for the following gases : fig. 3. 

For hydrogen, v^ = 178.83, B = 
nitrogen, v^ = 12.75, H = 

oxygen, v^ = 11.20, Ji = 

5. Find the value of li in French units for hydrogen. 

6. Find the equation to the isothermal for carbonic acid 
gas for the temperature T = 60° F. 

7. What is the volume of air, considered as a perfect gas, 
under the pressure of four atmospheres and absolute tem- 
perature of r = 800° ? 

8. If the heat in one pound of carbon is 14500 B. T. U., 
how many pounds of carbon completely consumed are neces- 
sary to increase the temperature of 2000 pounds of water 
45° F. ? 

9. How many kilogrammes of water would be raised 
25° C. by the heat in one pound of carbon ? 

10. On a diagram of energy draw on the plane v r the 
locus of the path of a perfect gas when the pressure is con- 
stant. 

11. Find the pressure per square inch of two pounds of 
air when its volume is one half of a cubic metre and its ab- 
solute temperature is 500° C. 

12. Show that all isothermals of a perfect gas are asymp- 
totic to each other as well as to the co-ordinate axes^ and v. 

13. What is the temperature of a pound of air when its 
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volume is 5 cubic feet and pressure 35 pounds per square 
foot ? 

14. What is the weiglit of a cubic foot of air wlien the pres- 
sure is 50 pounds per inch and the temperature 160'' F. ? 

25. Adiabatic or Tseutropic lines represent the 
relations between the volume and pressure of a substance 
doing work by expansion without transmission of heat. 
Conceive a gaseous substance to be enclosed in a cylinder 
having a frictionless piston, it will, by driving the piston, do 
work. It will be conceived that the external pressure is infin- 
itesimally less than the internal during expansion. The 
temi:)erature of the enclosed gaseous substance may depend 
upon several conditions. If heat be properly supplied the 

temperature may be maintained con- 
stant, producing isothermal expansion, 
which may be represented by the line 
A J, Fig. 3. Having performed that 
operation, bring the substance to its 
initial state A^ and conceive the ex- 
pansion to take place without any 




„,„ Q transmission of heat, to do which the 

FIG. o. ' 

vessel must be considered as imper- 
meable to the passage of heat, in which case the external 
work will be at the expense of the heat-energy of the sub- 
stance, and therefore the temperature will fall as expansion 
proceeds, and the pressure will also fall on account of the 
loss of temperature, as shown by equation (2), and the line 
A d representing the continuous relation between the vol- 
ume and pressure will be lower than the isothermal A i, and 
its slope downward greater for equal volumes. If the sub- 
stance be compressed from state A^ the line A e will be 
above the isothermal bAe, The line e A d^ representing 
the law of expansion or of compression without transmis- 
sion of heat, is by Rankine called an Adi(d>atic (from 
6ta/3aiv€iVy to pass througli), and by Gibbs, Clausius and 
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Others, Istntropie^ because the entropy (a term to be con- 
sidered later) remains constant in tliis kind of expansion. 
Adiabaties are asymptotic to the axes^ and v and also to the 
isothennals. 

26. If a fluid, after a series of clianges of pressures and 
volumes, returns to its initial state, the path of the fluid 
\yill be a re-entrant curve, as A and 

B^ Fig. 4, and in such cases the fluid is 
said to work in a cycle. 

27. A heat engine is a machine 
for continuously transfonning heat into 
work. Such engines in practice work 
in cvcles. 




FIG. 4. 



®'~'® 






J 



28. Carnot's cycle. This is a cycle performed by 
an imaginary heat engine, devised by M. Carnot in 1824, 
and involves the most important fundamental principle of 
tliis science. The following is the operation : 

Let i?, Fig. 5, be a piston moving in a frictionless cylin- 
der, all parts of which are perfectly impermeable to the pas- 
sage of heat except the base F, Let 
the base of the cylinder be one square 
foot, so that the height of the piston 
will correspond with the number of 
cubic feet below it, and let the cylinder 
contain one pound of air, or any other 
gas. Let // be an indefinitely large 
vessel containing heat at a given tem- 
perature, and L another indefinitely large vessel contain- 
ing heat at a lower temperature, the initial letters, IV 
and Z, indicating the relative temperatures. The vessels 
are assumed to be indefinitely large, so that, in imparting 
heat to a finite body, they will maintain a sensibly imiforra 
temperature. Let N and N' be plates, as large or larger 
than the base F of the cylinder, perfectly impermeable to 
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FIG. 5. 
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the passage of heat. Two of these are used simply for con- 
venience of arrangement, so that the operation to be de- 
scribed, passing in the direction indicated by the arrows, 
will be the more suggestive of a cycle. Conceive the base t 
of the cylinder to be placed against the vessel II ; the pound 
of air in the cylinder will quickly become of the same tem- 
perature as tliat of H. While in this condition let the pis- 
ton move outward against a resistance which is continually 
infinitesimally less than the pressure within, — the tempera- 
ture will be constantly that of ZT, and the expansion will be 
iaotherrnal. 

After the piston has been moved outward as far as desired 
in this manner, transfer the vessel to the non-conducting 
cover iTand allow the piston to move outward still further 
by a gradual reduction of the external pressure ; — the press- 
ure and temperature of the substance will both fall, and 
since the walls of the cylinder are impermeable to the pas- 
sage of heat, the expansion will be adiabatic. Let the op- 
eration be continued until the temperature of the pound 
of gas in the cylinder has been reduced to that in the 
vessel Z. 

At the end of the preceding operation let the cylinder be 
removed to the vessel Z, and the piston then forced inward ; 
the heat generated by the compression of the pound of air 
will escape as fast as generated, and is said to be rejected or 
emitted into the vessel Z, the temperature of which will not 
be sensibly changed ; hence the temperature of the pound of 
air will be constantly that of the vessel Z, and the compres- 
sion will be isothermal. Let the operation continue to such 
a point that when the cylinder is removed to the cover 3^' 
and the air compressed adiabatically until the temperature is 
raised to that in the vessel //, the volume will be the same 
as that at the beginning of the series of operations. 

To show these operations graphically, let O J, Fig. 6, rep- 
resent the volume and b B the pressure of the pound of gas 
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in the initial state ; then will B on the diagram represent 
this state. 

First operation. When the cylinder is in contact with the 
vessel i7, the expansion of the gas will be represented by the 
isothermal B C^ c being the final 
volume and c C the final pressure. ^ 

Second operation. When the cylin- 
der is in contact with the cover iT, the 
expansion will be represented by the 
adiabatic G D^ d being the final 
volume and d D the corresponding 
pressure. " ' „;. 6. " *" 

Third operation. The compres- 
sion, when the cylinder is in contact with the vessel Z, will 
be represented by the isothermal line D A. 

Fourth operaiion. The compression when the cylinder 
is on the cover W will be represented by the adiabatic A B. 

These are the successive operations as indicated by Car- 
not ; but it is more convenient, in describing the process, 
to begin either at the state C or J., on account of limiting 
the third operation. Thus, when the cylinder is on the ves- 
sel II and in the state C^ let it be transferred to If and ex- 
panded along CD until the temperature is reduced to that 
of Z ; then transferred to Z and compressed along DA any 
desired amount ; thence transferred to If and compressed 
until the temperature is raised to that of II \ then transferred 
to II and expanded along B C to the state C. 

29. Source. The vessel from which the working sub- 
stance receives heat, as ZT in the above operation, is called 
the source. Similarly, the vessel receiving the heat emitted 
from the working substance, as Z in the above operation, is 
called the refrigerator. In engineering science tliese are 
called, respectively, ih^fum^ice and condenser. 

30. Work done. During the expansion from state B 
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to state C work is done by the gas while forcing the piston 
outward, represented by the area h B Cc^ and while expand- 
ing from C to D more work is done by the gas, represented 
by the area c CD (1\ but during the compression from D to 
A work is done by the piston upon the gas, the amount 
being represented by the area clD Aa^ and work is still fur- 
ther done upon the gas \t\, compressing it from A to B^ rep- 
resented by the area a A B h. The difference between 
these works will be the external work done by the cycle of 
o}3eration8. We have 

-^hB Cc + cCDd'- (IDAa-^aABh^iABCI). 

3 1 • Indicator diagram. The diagram A B C D 
would be described by an indicator on Camot's imaginary 
engine ; and the area of an actual indicator diagram, taken 
from any engine, oxpreesed in foot-i)ound8, is a measure of 
the heat destroyed in the cycle. It is in this sense that we 
speak of " foot-pounds of heat." 

32. Carnot's cycle is reversible. In a complete 
cycle, if all the heat taken in is at one uniform tempera- 
ture, and all the heat rejected is at a uniform lower tem- 
l>erature, the operation is called Carnot's cycle. Such a 
cycle is reversihle^ for all the operations may be performed 
in precisely the reverse order, the final result, however, being 

work done by the piston upon the gas in 
the cylinder, the energy of the gas thereby 
being increased by an amount represented 
by the area B A D C^ Fig. 6, expressed 
in foot-pounds. A reversible engine is also 
called a perfect engine. 
— Non-^eversihle cycle. As an example 
FIG. 7. "^^ ^^ ^ non-reversible cycle, after the sub- 

stance has expanded isothermally while in 
communication with the source, represented by the line 
B C, Fig. 7, let it be transferred directly to the refriger- 



[83.] CONDITIONS OF A REVEKSIBLE CYCLE. 21 

ator — heat will be abstracted and the pressure may be 
reduced at constant volume, and hence without doing 
work, the operation being represented by the line CD. 
Then compress it isothennally when in communication with 
the refrigerator along the line DA ; then transfer it direct- 
ly to the source, raising the temperature and pressure to the 
initial state B. This cycle cannot be performed in precisely 
the reverse order ; for the pressure cannot be reduced from 
B to A when the engine is in conmnmication with the 
source, nor raised from D to O when in communication with 
the refrigerator. 

33, Conditions of a reversible cycle. In order 
that a cycle be reversible, the diflEerence between the exter- 
nal pressure and the internal during a change of volume 
must be infinitesimal — during expansion the external being 
infinitesimally less, and during compression infinitesimally 
greater than the internal ; also during the transfer of heat, 
the difference between the heat of the substance and that of 
the external body shall also be infinitesimal — during absorp- 
tion being infinitesimally less than the source, and during 
emission infinitesimally greater than the refrigerator. The 
differences being infinitesimal, the quantities will in finite 
measures be equal. 

33a. It follows from the conditions of the preceding 
article, that if a closed cycle bfe bounded 
by the isothermals and adiabatics of any 
substance^ the cycle will be reversible 
when worked with that substance. Thus, 
if there be an adiabatic compression 
along A By Fig. 8, an isothermal ex- 
pansion along B A\ adiabatic expan- ^^^ g 
sion A' B\ isothermal expansion B' A" ^ 
and so on back to A^ the cycle will be reversible. 

Also, the cycle A B C D^ Fig. 7, may be made reversible by 
conceiving an indefinite number of sources of heat differing by 
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FIG. 9. 



d r, and passing down OD by an indefinite number of indefi- 
nitely short isothermal compressions and a corresponding 
number of indefinitely short intermediate adiabatic expan- 
sions ajB indicated in Fig. 9 ; and a similar 
reversed operation in ascending from A 
to B. 

34. The heat absorbed by amh- 
stance in pasahig from a state A to state 
B may he represented on a diagram of 
enei^gy hy the area indvded between the 
path of the fluid and the adiabatics pass- 
ing through A and B respectively, ex- 
tended indefinitely in the direction of the expansion, Fig. 10. 
Let A be the initial and B the final states for the expan- 
sion v^ i?„ and the line A B the path of the fiuid. Pass the 
adiabatics A cp^ and B <p^, then will the indefinitely extended 
area cp^ABq)^ represent the heat absorbed by the substance 
in doing the external work v^AB v^, in the same units as v^ v^ 
and ^\ A ; that is, if -w, v, represents 
feet, and v^ A, pounds, the area <p^A ^ 
B cp^ will represent foot-pounds. 

From the state B conceive the 
substance to be expanded adiabatically 
along B (p^y doing work as against a 
piston, to the state C, then will the ^ 
external work v^ B G v have been 
done, without the absorption or emis- 
sion of heat ; and hence the reduction of temperature (and 
pressure) will be due to the transmutation of heat into work. 
At the constant volume v let sufficient heat be emitted to 
reduce the pressure to v D, where 2? is on the adiabatic A <^,; 
from B compress the substance along A g}^to A, during 
which the external work v^ A Bv will have been done upon 
the substance ; thence expand from A to B along the path 
A Bj during which heat must be absorbed. The only heat 
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FIG. 10. 
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absorbed in this cycle of operations is while working from 
A to By and the only heat emitted is in describing tlie path 
CD ; and since the cycle is complete the ideally external 
work A B C D is the exact equivalent of the difference 
between the heat absorbed and tliat emitted, or 

Jh - Jh=v^BCv + v,ABv^'-vv,AD = ABCD 

— (p,AB <p^- <p,D C ^„ 

where ^, and <p^ may be at a distance indefinitely great. 

Let CD be moved to the right indefinitely — it will become 
less and less, and at the limit JI^^ or <p^ CD <p, will be zero, 
and we will have 

for the heat absorbed. At the limit, <p^ and ^, being at an 
indefinite distance to the right may be considered as coincid- 
ing, and the path q)^AB<p^ as re-entrant, fonning a cycle, in 
working around which, heat is absorbed only along the path 
A B. The enclosed area represents what would be the exter- 
nal work done if the substance could be worked in this 
cycle. If the external work, v^AB v,, actually performed 
plus the increased actual energy of the substance equals ^, 
A B <p„ no internal work will be done in working along 
the path A By but if these are unequal, the difference will 
be the internal work, either done upon the substance in 
passing from state A to state By or by tlie substance in pass- 
ing from state i?to ^. This theorem was first given by Ran- 
kine, and is very fruitful in the geometrical development of 
this science. 

The heat absorbed in passing from state A to state B may 
be expended in the three following ways, as stated in arti- 
cle 9: 

1. In doing the external work t\ A B v^ = U\ 

2. In doing internal work = S\ 

3. In increasing the actual energy of the substance = Q ; 

r.<p,AB<p,=^Jh= Q-^S^V. (9) 

Any uf the terms in the last member may be negative. 
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35. The mechanical equivalent of heat. The 

direct determiuations of heat have been in teriiis of thernwl 
units, but on the indicator diagram the work 4<>ii^ by heat 
is in terms of foot-pounds or their equivalent. It is neces^ 
sary to reduce one of these to the other. The first accurate 
determination of the mechanical equivalent of the thermal 
unit was made by Dr. Joule, of Manchester, England, who, 
after a series of exj^eriments beginning in 1843 and extend- 
ing over a period of about seven years, concluded that its 
value was about 772 foot-pounds. To state it otherwise ; if 
a pound of water falling through a height of 772 feet in 
a vacuum should be suddenly brought to rest, and all the 
heat thereby generated could be utilized for the pur}X)se, 
it would increase its temperature one degree Fahrenheit. 
Joule's experiments gave quite a range of values, and he was 
inclined to give more weight to the smaller than to the larger 
ones. Later, in 1876, a committee appointed by tlie British 
Association for the Advancement of Science reported that the 
mean of sixty of the best experiments made by Joule on the 
friction of water gave 774.1 foot-pounds subject to a small 
correction, possibly amounting to -^^ of its value, on account 
of the uncertainty of the exact position of the absolute zero 
on the thermometric scale. 

Still later, in 1878, Joule made another set of experiments, 
giving as results the following values : 



Deg. C. 


Foot-pounds. 


at 12.7, 


774.6 


15.5, 


773.1 


17.3, 


774.0 



Mean 15.1, 773.9 

Joule's experiments were made with water at about 60° F., 
and reducing his results to their equivalent for water at its 
maximum density, according to the law indiciited by Reg- 
nault's experiments, reduces the value slightly, though for a 
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diflference of 20"^ F. it will scarcely affect the first decimal 
figuixi, as will be seen when we consider the specific heat of 
water. Thus, if the mechanical equivalent of heat at 60° F. 
were 774.1, then at 39.1° F., or say 40° F., it would be 774 
(nearly), and reduced from the latitude of Manchester to that 
of New York it becomes 774.8, nearly ; and if the entire 
margin of error, y^^^, be positive and applicable to this num- 
ber, the value would be 776.7, or, to the nearest integer, it 
would be 777. 

More recently, Professor Rowland has made a very critical 
examination of the specific heat of water at tlie lower tem- 
peratures, and made a more accurate determination of the 
mechanical equivalent at those temperatures {On the Meehmv- 
ical Equivalent of Ileat^ Proc. Am. Acad, of Apts and Sc, 
1880). The most probable values, as determined by him, 
are, for the latitude of Baltimore (ihid,^ p. 196): 



Temperatores. 


Meclianical Equivalent. 




For Air Thermometer. 


Mercnri*] 


Centigrade, 
o 

4 

5 

6 

7 
16 
27 
36 


Fahrenheit. 



39.1 
41.0 

42.8 
44.6 
60.8 
80.6 
96.8 


Kllo.-Metree. 
(430.0) 

429.8 
42S).5 
429.3 
427.2 
425.6 
425.8 


Foot-pounds. 

(783.4) 
783.0 
782.5 
782.2 
778.4 
775.5 
775.9 


Thermometer. 
Foo^pounde. 

(778.3) 

(778.1) ■ 

(777.9) . 

(777.6) 

(775.4) 

(775.4) 

(774.7) 



The numbers in tlie parentheses we have computed from 
those of Professor Rowland's tables, the last column being 
determined by means of his table on page 41 of the Appen- 
dix to his paper. It will here be seen that the equivalent 
diminishes from 39.1° F. to about 80° F., and, hence, the 
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specific heat of water diminishes according to the same law. 
Prior to these experiments, it had been held, in accordance 
with Regnault's experiments, that the specific heat of liquids 
increases with the temperature ; but according to the above 
experiments this law ifl reversed for water from ^0^ F. to 
80° F., being a minimum in the vicinity of the latter value, 
and increasing for higher temperatures. Regnault's experi- 
ments were chiefly for higher temperatures. Rowland's 
values, even when reduced to the same latitude, all exceed 
those heretofore used for scientific and engineering pur- 
poses, although they agree very nearly with Joule's when re- 
duced to the same thermometer, temperature, and place 
{ibid., Appendix, 44, 45). The first cause of diflference lies 
in the fact, above stated, that the mechanical equivalent is 
greater at 39° F. than at 60° F. — amounting to about 3 
foot-poundfr — instead of less, as given by Regnault's experi- 
ments. The second cause Is due to the fact that a degree 
on the air thermometer, from 39° to 40°, is perceptibly 
larger than on the mercurial thennometer, the difference 
being about y^ of a degree of the air thermometer, and re- 
sulting in an increase of more than 5 foot-pounds above that 
given by the mercurial thermometer. Joule used a mercu- 
rial thermometer. 

It is apparent that the old value, 772, so generally used 
by the scientific world, is much too small, and 774.1, recom- 
mended by the committee of the British Association, is not 
sufliciently large. According to Rowland's experiments, 
the British Thermal Unit is about 784 foot-pounds per de- 
gree on the air thermometer, and nearly 779 on the mercu- 
rial thermometer. Scientifically, the air thermometer should 
be used ; while for engineering purposes the mercurial ther- 
mometer is almost universally used ; but in neither case 
should the highest numbers be adopted unless the law of 
change of the substance be known throughout the extent of 
the investigation. Such a law is not known with scientific 
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exactness. In refined analysis it has been customary to use 
an empirical formula representing the experiments of Reg- 
nault — especially for water — but in ordinary practice it is 
customary to consider the specific heat of water as constant 
at all temperatures, and for this reason it is not advisable to 
adopt the highest values given by experiment. Before de- 
ciding upon the value to be adopted in this work, values 
were computed by other methods, to be explained hereafter, 
and that number selected which would, according to our 
present knowledge of all the elements involved, hannonize 
with the various methods by which it has been determined. 
This number is 778. The exact value cannot be found, but, 
like other physical constants, it may be detennined witliin 
certain limits. The value here adopted is probably within 
■^-^ of its o\vn value for the mercurial thermometer at the 
latitude of New York. The mechanical equivalent we rep- 
resent by «/, and call it Joules equivalent. 

36. First Law of Thermodynamics. Heat and mechan- 
waZ energy are tnutually convertible in the ratio of about 
778 foot-pounds for the British Thennal Unit. 

The equivalent in French, or part French and part Eng- 
lish units, is 

1400 foot-pounds per pound of water per degree 

centigrade, 
426.8 kilogramme-metres per kilogramme of water 
per degree centigrade. 

EXERCISES. 

1. How many foot-pounds of heat-energy are there in one 
pound of coal containing 14500 British thermal units ? 

Ans. 

2. How far will one pound of anthracite coal propel a 
locomotive weighing 60 tons on a level track, friction 6 
pounds per ton, if the entire heat-energy of the coal could 
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be utilized for this purpose, the coal containing 15000 

B. T. U. ? 

Ans. miles. 

3. If in melting one pound of ice 144 B. T. U. become 

latent, how many foot-pounds of energy are required to 

change the state of aggregation of the substance — that is, to 

change ice to water i 

Ans. 112032 ft.-lbs. 

4. Find the value of the mechanical equivalent of the 
B. T. U. M'^hen expressed in kilogramme-metres. 

5. How many thermal units must be transformed into 
mechanical energy per minute to equal one horse-power 'i 

6. What is the theoretical efficiency of a steam plant that 
develops one horse-power per hour for every 2J poimds of 
coal used, the heat units in a pound of the coal being 13000 ? 

7. Steam plants have been reported as developing a horse- 
power per hour with 1.5 pounds of coal ; what was the theo- 
retical efficiency of tlie plant, if a pound of the coal con- 
tained 15200 B. T. U.? What if it contained 12000 
B. T. U. ? 

Ans. In the latter case, i?- nearly. 

8. How many foot-pounds of energy will be required to 
raise the temperature of five pounds of water from the tem- 
perature of melting ice to that of boiling water, the value 
of J being 778 for each degree ? 

9. One kilogramme-metre per degree centigrade equals 
liow many foot-pounds per degree Fahrenheit i 

Ans. 13.02. 

10. How many foot-kilogrammes of heat are necessary in 
order to raise the temperature of one decigramme of water 
one degree Fahr. ? How many metre-pounds to raise one 
gramme of water one degree C. ? 

37. Thermal capacities. The amount of heat nee- 
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essary to change by unity any quality of unit-mass of a 
substance under given circumstances is called the thermal 
capacity corresponding to the given change. Three such ca- 
j>acities have received the respective names — specific heat at 
constant pressure^ specific heat at constant voluv^e and the 
latent heat of expansion. When these capacities are vari- 
able, their values at a particular state may be considered as 
tlie rate at which heat is absorbed per unit of the constant 
element. 

The unit-mass, in Englisli units, is the standard one-pound 
weight, and in French units is the standard kilogramme. 

38. Pressure constant. Specific heat at con- 
stant pressure. If tlie pressure be constant, the path 
of the fluid will be a right line perpendicular to the j^-axis, 
Fig. 11 ; and the heat absorbed in working from state A to 
state B along this line will be, according to Article 34, repre- 
sented by the area tp^ A JB tp^ in foot-pounds, to find which 
re(|uire8 an experiment with the substance in order to deter- 
mine its thennal capacity under constant pressure. 

The specific heat at constant pressure is the amount of 
heat necessiiry to increase the temperature of a unit-mass o:' 
the substance one degree, the pressure 
being constant and the specific heat ^ 
constant throughout the degree. In 
English units, it is the number of 
thennal units (Art. 6) necessary to raise 
the temperature of one pound of the 
substance one degree Fahrenheit. 
To represent it on a diagram of 
energy, the line A B^ perpendicular 

to the^axis, must be limited by two isothermals, as r and 
T + 1, differing by unity of temperature, then will the 
dynamic specific heat at and from r be represented by 
the indefinitely extended area 9?, A B 9?,. If the specific 
heat be variable, the isothermals must differ by d r only. 




FIG. 11. 
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For numerical values, see tables of specific heat. To ex- 
press it algebraically, let 
i'p = the ordinary specific heat at the temperature r and 
pressure^, 

K^ = the equivalent dynamic specific heat ; 

then 

iTp = Jk^. (10) 

If rf Ap = the tliermal units absorbed in raising the tem- 
perature of a unit-mass of the substance under a constant 
pressure an amount dt =^ dr degrees, and d 11^ the same ex- 
pressed in foot-pounds, then 

d\ = h^dr^ (11) 

dll^ = JJc^dr =. K^dt', (12) 

- CJr ^.' (») 

hence, after substituting, 

If the specific heat be constant, equation (12) integrated 
between limits gives 

//, = K^ (r. - r,), (15). 

and if r, — t, = 1, we have 

n,=.K,=^cp,AB cp,. Fig. 11, 

as before stated. 

When the path is arbitrary, the heat absorbed may be a 
function of the three variables^, tJ, r, but when /? or v is 

constant -y— will be a partial differential coefficient, and 

may be indicated as above with a parenthesis and subscript, 

d JJ 

or with a parenthesis without a subscript, or by --H — as used 

by Clausius, or (H^^ as by M. Saint-Kobert, or even with- 
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out any distingoisliing mark, leaving it for the reader to infer 
its true character, which may be bo easily done in this 
science as to make it questionable whether any mark is 
desirable. 

39. Yolame constant. Specific heat at con- 
stant volume is the heat necessary to raise the tempera- 
ture of a unit-mass of a substance through one degree when 
the volume is constant, the specific 
heat remaining constant throughout 
the degree. It is the number of heat 
units necessary to raise the tempera- 
ture of one }X)und of the substance 
one degree F., the volume being con- 
stant. Wlien constant its dynamic 
value may be represented on a diagram 
of energy by the area between a line 
A B^ Fig. 12, perpendicular to the 
t?-axis limited by two isothermals differing by one degree, 
and two indefinitely extended adiabatics A q)^ and B ^„ as 
shown in Article 34. 

Let /fcv = the specific heat for a constant volume at the 

temperature r in ordinary thermal units, 
K^ = its equivalent dynamic specific heat, 
dh^ = the thermal units absorbed in raising the tempera- 
ture d r, 
dHy^ the foot-pounds of heat in rf A^ ; 
then 

d h^ = hydr^ 

dlly = Jky dr = Ky dr\ 

- ^- = (If). 

If il^ be constant, then in Fig. 12, 



(16) 
(17) 



Ky=cp,AB tpv 
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EXERCISES. 

1. How much more heat (mechanical energy) is required 
to raise the temperature of one pound of water 1° F. than 
of one pound of air, the same amount under constant 
pressure i 

(Find the ratio of the vahies of their specific heats, as found from a 
table of specific heats, and express their difference in foot-pounds.) 

2. How much more heat is required to raise the tempera- 
ture of one pound of water 1° C. tlian of one pound of air 
the same amount, at constant pressure ? 

3. How far must a mass of iron fall in a vacuum in order 
that its resultant energy, if transmuted into heat, would 
melt it ? 

4. Assuming that air and hydrogen are perfect gases, 
how much more heat will be required to increase the tem- 
perature of one pound of the latter one degree Fahr. than 
one pound of the former the same amount ? Express the 
difference in thermal units and in foot-pounds. 

5. If oxygen and hydrogen are perfect gases, how many 
pounds of oxygen will be required in order to contain as 
much heat us one pound of hydrogen at the same tempera- 
ture ? 

6. Show that a right line parallel to the 'y-axis will be 
divided into equal parts by a series of isothermals of which 
the general equation is^; v = lir^ provided r, — r^=z r^— t„ 
&c. 

7. In the preceding exercise, show that a right line 
parallel to they^-axis will also be divided into equal parts. 

8. Show that a line drawn througli the origin of co-ordi- 
nates is not divided into equal parts by the successive equi- 
lateral hyperbolas of Exercise 0. 

40. Let the temperature be constant during: 
expansion. Second Law. In this case the path of the 
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fluid will be an isotheniial, as A B, Fig. 13 ; and tlie lieat 
absorbed during the expansion from v, to v, will, according 
to Article 3i, be represented by tbe area ipiAB tp„ bounded 
b_v the isotliermal A B and the two 
adiabatics A <p, and B tp, indefinitely 
extended. If 11, !« the heat absorbed, 
the subscript indicating that the entire 
heat absorbed is to be at one tempera- 
ture ; then 

JT^ = g3,AB ?>,. 

Since the temperature of the work- fig. 13, 

injr substance, in this case, is uniform 
during expansion, it is assumed tliat the actual energy of 
the working substance remains unchanged, and hence Q in 
donation (!*) will be zero, and we have 

//, = U'-\-S= q>,AB<p,. 

That is, during iaotUermal expansion the lieat absorbed 
efjuals the entire work done, both external and internal. Tin's 
heat cannot l>e directly measured, but it may be computed. 
as will a]>pear from tliia and the two following articles. No 
engine (ran transmute into external work all the heat absorbed 
by the working substance, some of it being always rejected 
at a lower temperature than the source. Experience confinna 
the following principle, called the 

Seoisd Law. If all tlie heat absorbed be at one temper- 
atvre, and that rejected he at one lower tem,perature, tfnit- 
imU the heat which in transmuted into loork be to the e?itire 
hent nhxor^ied in. the same ratio as the difference between tlut 
. iilmUxte temperatures of the source and rejri^erai&r is to 
t/m absolute temperature of the source. (Appendix ii.) 

In other words, the second law is an expression f(rr the 
efficiency of the perfect elementary engine. 

The object of tbe second law is to furnish a basis for tlie 
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computation of the heat absorbed during expansion, tlie 
heat of the working fluid being maintained at a constant 
temperature. Thus, if between 600° F. and 500° F. ab- 
solute, in a perfect elementary engine, ten thermal units be 
transmuted into work, then will the heat absorbed at (500° F. 
have been 

// = 10 — Il__ = 60 
^1 - r^ 

thermal imits. The heat which would be transmuted into 
work in a Camot's cycle for a finite difference of temper- 
atures can be computed for perfect gases only. In fact, the 
external work only can be directly computed from the 
equation of the gas for isothermal expansion, w^hich will be 
(Fig. 13), 

U ^=^ v^ A B v^. 

It will be observed in Fig. 13 that, if the area cp^ABq)^ 
be divided into an indefinite number of strips, representing 
Carnot's cycles, ultimately the topmost strip A B cd will 
equal the topmost strip of v^ A B -y,, representing external 
work cut off by the second isothermal. The work done in 
any one of the Carnot's cycles equals, according to the 
second laxo^ the topmost one, and this, from Fig. 13, equals 
the differential of the external work due to an increase (or 
decrease), d r, of the absolute temperature. For this case 
T, — T, becomes d r, so that if d IF be the heat transmuted 
Into work in one of Carnot's cycles and r^ be the temperature 
at which the heat is absorbed, we have 

d r d r 

The second law is the result of observations, experiments, 
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and deduction. It is not, like a proposition in geometry, 
capable of a direct, rigid demonstration ; but rather, like the 
axioms of geometry, appeals to our understanding for as- 
sent when the terms used and the operations assumed are 
well understood. Or, perhaps a better parallel will be 
found in the Newtonian laws of motion, which were first 
conceived, from the results of experiments, to represent 
ideally perfect conditions, and later became firmly estab- 
lished by the fact that when applied to the solution of prob- 
lems in nature the results obtained agreed with those ob- 
served. So this law, first conceived to represent what would 
be the results of experiments if the conditions were perfect, 
has become firmly established through the fact that it has 
successfully stood the many crucial tests to which it has 
been subjected. If the formulas founded upon it had led 
to results known to be erroneous, they would have dis- 
proved the law ; but it has been found that all tlie results so 
deduced agree with those of experiment at least within 
the limits of the errors of observation. 

Carnot made the first step toward the establishment of 
the law by showing that the efficiency of his ideal engine 
was a direct function of the diflEerence of the temperatures 
of the source and refrigerator, and was independent of the 
nature of the working fluid. The idea of an absolute tem- 
perature had not then entered this science. Later the law 
became established through the labors of Clausius, and of 
Joule and Thomson. Rankine virtually deduced it from 
his theory of molecular vortices. He came to the conclusion 
that Camot's law is not an Independent principle, but is de- 
ducible from the equations of the mutual convei-sion of heat 
and expansive power. 

Let one pound of any substance having the volume O ^„ 
pressure v^ A, and absolute temperature r, in constant com- 
munication with a source of heat at the same temperature 
(or at a temperature r -J- </ r), expand from v, to v^ by driv- 
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ing a piston in a cylinder ; then will the indefinitely ex- 
tended area cp^AB q}^^ expressed in foot-pounds, represent 
the heat absorbed, and divided by 7Y8 will be the value of 
the heat in British thermal units. 

To find the area cp^A B cp^^ conceive it to be divided into 
an indefinite number of strips of equal areas by isothermals 
of the given substance, as dG^ji^,.,y 0, &c. ; they will repre- 
sent equal quantities of heat, and if an elementary engine 
be worked in the successive cycles ABcd^dc ij^ &c., tlie re- 
sultant works done will also be equal. These are Camot's 
cycles, since all the heat absorbed will be at one temperature, 
and that which is rejected, at one lower temperatui^e. Let 
the successive equal quantities of heat thus transmuted into 
external work constitute a scale of temperatures — known 
as Thomson's Absolute Thermometric Scale {Phil, Mag,^ xi. 
(1856) 216. ThomsorCs Papers^ p. 100). The cliaracteristic 
quality of this scale is — equal quantities of heat when 
worked in Carnot's cycle will do equal quantities of external 
work independently of the nature of the workin<f s^dystance. 
At first, any amount of heat or area, as ij d Cy may be taken, 
arbitrarily, as a unit, and a repetition of tins unit will con- 
stitute a scale of natural numbers, as Y^ 8, 9, &c., the zero 
of which may bo placed arbitrarily. Having assigned its 
place and the unit of heat, the quantity of heat involved in 
any number of such operations becomes known. Thus, the 
lieat necessarily destroyed in performing the operations 
numbered 7, 8 and 9 will be three times the unit initially 
assumed. Fractional parts of the scale will correspond to 
fractional parts of the unit. The scale may be so numbered 
tliat the two fixed points shall correspond with 32° F. and 
212° F. 

Conceive that the zero of the scale corresponds with the 
total deprivation of heat from the substance, and that in 
raising tlie pressure from to ^\ ^1, there are r of the 
arbitrary units. Let each unit be divided into an indefinite 
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number of equal parts hj isothermals, each represented by 
dr ; then will the number of parts in each unit be 1 -f- rf t, 
and the number in r units will be 

number of strips = — - • 

The area of any one of the infinitesimal strips, slsAUc rZ, 
being known, we have 

(p,AB(p,== ^ X A Bed, (18) 

(I T 

and the solution is now reduced to that of finding the area 
A JB c d. Conceive it to be divided into an indefinite 
number of parts by vertical lines having between them the 
constant al>8cissa d v (or, more accurately, let the divisions 
be made by adiabatics having between their upper ends the 
abscissa d v\ then 

efh g = dp d % 
and 

ABcd— -^^^dpdv. 

This summation cannot, generally, be performed by an 
integration, for, generally, dp varies from A to j5, and is 
not simply a function of y. For any assigned value of t;, 
dp depends directly upon d r, since it is limited by two con- 
secutive isothermals differing by d r, a condition which, in 
the language of the calculus, is indicated by the expression 



y^ 



= (^) "'■ 



thus, changing from dp independent to p dependent upon 
r. Substituting this for dp above, gives 

where d r in placed outidde the integral sign since it is con- 
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stant throughout tlie strip A B, This value in equation (18) 
n, = cp,AB<p^ = rJJ' (gjri .. (19c/) 

If the expansion be infinitesimal and equals d Vy we have 

dIT=r(^^^dv, (20) 

which is the required equation. 

In using tliis equation, (-7-^) is to be found by dlffi 



eren^ 



tiating the equation of the gas, given in terms of the abso- 
lute scale of temperatures, considering v as constant ; or by an 
experiment, finding the change of pressure for a very small 
cliange of temperature, but in integrcd'tJig from -y, to v^ the 
temperature must be constant, so that not only will r, if 

any in (-— j, be constant, but the r before the integral sign 

will also be constant. Indicate this by r,. Since an amount of 
heat equal to that absorbed by any substance during isother- 
mal expansion becomes latent, the preceding equation, more 
completely expressed, becomes : 



Latent heat of 
EXPANSION from 
^'i to v^ 




05, — — 

(m dv 



[VrfTy/u 



(21) 



in which tlie subscript r^ of the bracket implies, as explained 
above, that r within the parenthesis is to be considered con- 
stant during the integration. As a thernml cajpacity^ Article 

37, the latent heat of expansion is r -r , as if ^ i; were unitv, 

dr 

being the rate at which heat is absorbed per unit of volume. 

Differentiating ec^uation (21), considering r as constant and 

V variable, gives ,^^ v 

cp^ Ab n ^^ rA-^~ yi ^', 
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wliicli is the same as equation (20), where d v is tlie abscissa 
of b in reference to v^A, Fig. 13. 

The scale of temperatures above used is not practical, except 
for the purposes of analysis, since heat cannot be actually 
divided witli accuracy by any known means according to the 
process described ; and it remains to be shown how the re- 
sult can be made of practical value. Conceive a quantity of 
heat equal to tliat absorbed by a pound of the substance, 
qf^ A B <p^y to be absorbed by such a quantity of 2i perfect gas 
as will give the same temperature, and let the temperatures 
be measured by an ideally perfect gas thennometer graduat- 
ed from absolute zero and having r equal divisions up to the 
temperature here considered ; then will equal divisions on 
this scale corresjxjnd with equal quantities of actual heat in 
the i)erfect gas — 6.:> that, if the gas be cooled by abstracting 
equal, successive quantities of heat, the successive tempera- 
turcs will be indicated by equal divisions on the scale. In 
this manner, the heat in a perfect gas might be divided into 
equal parts. Let the temperature of the given substance be 
reduced an amount d r on this scale by working the heat in 
Caniot's cvcle, tlie same amount of heat will be transnmted 
into work as nmst be abstracted from the perfect gas in re- 
ducing its tem])erature the same amount, and so on. Con- 
ceive isothermals of the substance to be drawn on the dia- 
gram of energy, differing by d r of the perfect gas thennom- 
eter ; there will be r -^ dr such divisions between zero and 
T, as in the former case. These isothermals may be con- 
ceived to be described, geometrically, from the equation of 
the gas given in terms of the scale of the perfect giis ther- 
mometer, or, physically, by supplying heat to the expanding 
gas so that the temperature will remain constant as indicated 
])y this thermometer and noting the contemporaneous press- 
ures and volumes. These processes, perfectly done, would 
give the same isothermals ; and since the number is made 
the same as in the earlier part of this article where the strips 
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were, arbitrarily, made equal, aud since the lowest, or zero- 
iBothennals, coincide, also the highest, or r-isothennals, it is 
inferred that the successive isothennals in the two cases co- 
incide. It follows, then, that if the area cp^ABcp^ be inter- 
sected by isothennals differing by an absolute constant tem- 
perature, the areas between the successive isothermals will be 
equal; and if the. number representing the difference of 
temperatures be commensurable with the number represent- 
ing the highest temjHjrature, the entire area cp^ A B q>^ will be 
divided into equal parts. By making tlie difference indefinite- 
ly small, or d r, the question of commensurability disappears. 

Buta j9f^/y^c*^gas is unknown ; it has, however, been found, 
as stated in Articles 14 and 10, that the air thermometer dif- 
fers but little from that of a perfect gas thermometer, 
the temperature of melting ice being 491.13° F. above the 
absolute zero of the air thermometer, and about 492.66° F. 
above the zero of the absolute scale, a difference of about 
•%\^ of the entire 491°, a quantity too small to be measured 
in actual practice, and can be determined only by the most 
refined exj)eriments. The position of the zero of the abso-, 
lute scale cannot be determined exactly, but, accepting the 
results of Thomson and Joule, if the zero of the air ther- 
mometer be made to coincide with the melting point of ice, 
then by adding 492.66° F. to the reading of the air ther- 
mometer, th J sum will be the value of the temperature on 
the absolute scale, almost exactly. 

Equation.1 (20) and (21) are theoretically exact, and hence 
arc prdcticaUy so for volumes, pressures and temperatures 
determined by the best methods knowm. 

The following reasoning may aid the reader in satisfying 
liimself of the equality of the strips. Conceive the area 
q>^AB 9>„ Fig. 14, to be divided into an indefinite number of 
strips by isothermals of the substance, differing by the con- 
stant absolute temperature d r, then wnll the areas thus 
formed be ecjual. 

If the areas between ecjuidistant isothermals and the adia- 
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batics are not equal, a line, B iV", may 
be so drawn that they will be equal, 
but the area (p, A B X {Y\g. 14) will 
be an area exceeding that which rej)- 
resents the heat 
absorbed ; or, if 
it falls within 
B <p^ it will be 
FIG. 14. less than that 

representing 
the heat absorbed. 

If the working fluid is a perfect 
gas the areas ah c d and efy h (Fig. 
15) will be equal, but if the gas be imperfect all the small 
areas va <p^ A B <p^ below the topmost one will exceed those 
between the corresponding isothennals in 'y^ ^4 ^ v^. 

41, Thomson and Joule established equation (20) upon a 
principle of Camot. Camot proved that, of the heat ab- 
sorbed, (p^Ahn^ Fig. 13, during isothermal expansion, the 
part (I h transmuted into work by working in one of his 
cycles, was ^ (7,—-^,) of the heat absorbed, where ;< is a func- 
tion of the higher temperature only and hence independent 
of the nature of the working substance, and t,— r„ the 
fall in temperature of the working substance. In thife case, 
let r^ — r^=idr^ then will fx d r hQ the fractional part of 
<p^ A b n transmuted into work. 

Let JAbe the latent heat of expansion in thermal units, 
then will M d vhe the heat unite in (p^Ah n, and in foot- 
pounds we have 

J M d V ^=^ q)^ Ah n^ 

and the heat transmuted into the work h d will be 

h d =^ ^ J M d V d r. 
But we also have 



l<l= &^drdv, 
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and making these equal gives 






Camot did not find the form of the function //. In re- 
gard to it Thomson says : , " It has an absolute value, the same 
for all substances for any given temperature, but which may 
vary with the temperature in a manner that can only be 
determined by experiment" (Thomson's Papers^ p. 187). 
Thomson, whose resources ever seem sufficient for the oc- 
casion, set about its determination, the processes for which are 
described in the Philosoj)hlcal Magazino^ and more recent- 
ly in Thomson's Mathematical and Physionl Papers^ cover- 
ing many pages. Early in the investigation, Joule suggest- 
ed that the value of fi might be " inversely as the tempera- 
ture from zero" (Thomson's Papers, p. 199); and these 
experimenters established the truth of this suggestion by 
that celebrated series of experiments Icnowu as '' the experi- 
ments with porous plugs." Hence, we have 



1 

r 



r.JMdv = r(^.Yyiv 



as already found. The quantity pi is known as " Camot's 
function," the title given to it by Sir William Thomson. The 
value 1 -T- // = To, the absolute temperature of melting ice, 
was found to be 273.08° C. {Ibid,, p. 391). 

Thomson's absolute scale may be thus defined : T/te nurnr- 
hers express} rvj degrees of ahsolnte temper at ares are propor- 
tiomil to the quantities of heat ahsorhed and emitted at those 
temperatures in a reverslhle cych. Thus, if II ^=i cp^ A B 
(p^ = the heat absorbed, Fig. 13, and it be divided into r 
equal parts, then will one part be // -t- t ; and if h be the 
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heat emitted =^ (p^y z ^„ then will the number of equal 
pai-ts in h be 

h^{II-^ r) = j-r = t (say); 

h ___ t 

The equal parts of heat in cp^ABqt^ may be conceived 
to be secured, physically, by a succession of perfect engines 
in which the refrigerator of one is the source of the next, 
and so on. It was in this manner that Carnot established 
his expression for efficiency. The amount of work done by 
lieat depended only upon the difference of the tempemtures 
of the source and refrigerator and some function of the 
higher temperature, as already given. 

43. To express equation (21) in terms of the external 
work, from Fig. 13, we have 

U = v^AB v^= I p dv \ 

. •. dU z=z J) d v\ 

. • . '^JI = ('J^JE\ d V, also written -^ d U\ 
dr \d rJ dr 

hence, substituting in (21), 

//, = r /-Jf = <P.AB <p,, Fig. 13 ; (22) 

r ~~ d T ~~ 

dr' dr' "^ ^ 

(dll\ , ^ d'V ^ A 7 ^ 

\ dv / dr 

From equation (22) it appears that the heat absorbed may 
l>e found from the temperature at which it is absorbed and 
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tlie external work regarded as a function of the tempera- 
ture. 

The tliree preceding articles will be more clearly under- 
stood after becoming more tlu>roughly familiar with the sub- 
ject as developed in the following pages, 

43. In equation (19) the quantity under the integral sign 
for a given expansion is constant, hence d r may be inte- 
grated between limits, giving 

JI^=j(UI=n,-IIMr-r;) fi^lj-^yv^ABzy (2;^) 

of Fig. 13, in whicli r^ is the absolute temperature of the 
isotliermal A B and r^ that of y 2, and //, the heat absorbed 
along A B and //, tliat rejected along z y. Heat absorbed 
during an operation may be considered positive and that 
omitted, negative. 

EXERCISES. 

» 

1. If the equation of the gas hep v =^ li t^ find the heat 
absorbed during expansion at tlie constant temperature of 
500° F. from v^ = ten cubic feet to v, = 30 cul)ic feet. 
(Use Eq. (21).) 

r h 

2. If the equation of the fluid be ;? = 7? - — — (of 

which carbonic acid gas is a special case), find the area of 
one of the strips in Fig. 13 for a difference of temperature 
d r, for an expansion from ^\ to i\ at the temperature r,. 



Ans. 






3. Find the latent heat of expansion in the preceding ex- 
ercise. 

r ?) 

4. If the equation of the gas ho p = li — — — , find 

TV 
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the external work done in expanding from w, to v, at the 
temperature r,. ... 

An,. 7fT,to,'i_*_fL_lV 

V, T, \V, V,/ 

5. Find the internal work done in exercise 4. 

t>. In exercise 4 find the area between the two consecntiv-e 
adiabatics A <p, aiid h n. Fig. 13. 

7. In exercise 4 find the ratio of tlie internal work to the 
external for an expansion from v, =: 9 to v, = 18 cubic 
feet, at T = 70U° F., E = 35, and b = 48000. 

S. If the eijuation of a gaa were^ = 4 a t, find the heat 
ahsorlKjd at the teniperatnre r = 600° F. in expanding 
from 20 to 30 cubic feet, and reduce to thermal units. 

44. General Case. — Let the path of the fluid be 
arbitrary, as A B, Fig. 16, A ip„ B <p„ two adiabatics in- 
definitely exteitded to the right, then, as shown in Article 34, 
tiie area <p, A B qi, will represent tiie 
heat ab9orl)ed in passing from state 
A to state B. To find this area, con- 
ceive it to bo divided into an indefi- 
nite number of indefinitely narrow 
strips, as follows: — Divide the line 
A .5 into an indefinite nnmberof parts - 
bytlie isothunnals ao, bp, »&c.,difEer- p,(,, le. 

ing by d T, the points of division being 
at a, h, c, &c. ; and from these points draw verticals inter- 
secting tlie isotlicnnals nest below in the points n, o^p, q, &c. 
Through the jwints «, b, c, &e., and n, o,p, &c., drj,w adi- 
abatics, as a m, o «!„ b m, ; then will the snm of all the strips 
m. a o ?rt„ m,ob m„ t&c, vUimatdy equal the area q>, A B <p,. 
If r t>e the absolnte temperature of any isothermal, as a «. 
and d v the expansion from state a to state o, then, accord- 
ing to equation (20), will the area 

m n o w, = r i -~) dv; 
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and, according to Article 39, the area 

m^ oh m^^=^ K^ d r \ 
hence, ultimately, 



[dp 



area m ah m^ =: d II =^ K^ d r -\- r -JL d v^ (24) 

\a rf 

which is a general differential equation of thermody- 
namics. 

In this solution the polygon Anao hp^ &c., is inscribed 
in the figure q>^ A B cp^^ but the same result would be 
reached if the polygon were circumscribed, as indicated in 
the figure hy A u a lo J, &c. 

From equation (24) we have 



<p,AB(p^ = Jly 






K,dr -i^ 



Jx^y- 



(25) 



but the general integral cannot be found since Ky is not a 

known function of r, nor r and (~ ) known functions of 

\d tI 

V. In equation (24) r and v are independent variables. 
The shaded strip 7n a o m^ represents heat transmuted into 
work due to an isothermal expansion, and the unshaded 
strip m^oh m^ the increased energy of the substance, both 
actual and potential, due to the change of temperature in 
passing from atoh. 

45. To make r and p inde- 
pendent variables. Intersect the 
patli A B^ Fig. 17, with consecutive 
isothermals differing by the constant 
rf r, as before ; and from the points of 
division J, <?, rf, &c., draw lines parallel 
to the axis t\ intersecting the ad- 
jacent isothemials in the points w, ^, 
&c., thus describing an inscribed poly- 
gon, Anhoj &c, A circumscribed polygon would answer the 
same purpose. Through the vertices of the ]X)lygon, A, n, 




PIG. 17. 
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FIG. 18. 



hj 0^ c, &c., draw the adiabatics h m„ c m„ o m„ ifec, tlien, 
ultimately, 

m^ b c m^ = d H = m^ b m^ — 7n^ c o m^ 

= lij, d T — m^c o m„ (Eq. (12)), 

= a; flr-r (^^"j d V, (Eq. (20)). 

But d V in this equation is the abscissa of o in reference 
to c'(Figs. 17 and 18), on an isother- 
mal through <?, and hence is not de- 
termined directly from the equation 
of the path. Change this dv to d v' 
and let b k = d v^ being the differ- 
ence of the abscissas of two consecu- 
tive points of the path ; then 

. f — ^ j = the rate of charge of pressure, 

( -j^ ) dr = bl = ci = increase of pressure, 

dp = kc\ .•.(-7-) drdp = b o G e. 

But icoJ = boce having the common base c and 
between the same parallels. Multiplying the last expression 
by rf r -^ T, and substituting, gives 

d 11= K^d r ~^r (^^) dp. (26) 

Equation (26) is a second general equation of thermody- 
namics in which r and p are the independent variables. 
Other forms may be deduced from these, aa will hereafter 
be shown. For convenience of reference these equations 
are brought together. 
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46. The two fundamental equations of ther- 
niodynaniies are : — 



\fl rJ 



(A) 



The remainder of this work will consist chiefly of a dis- 
cussion of these equations. Thermodynamics is the science 
which treats of the mechanical theory of heat. 

Questions for Examination. 

(Some of tliese questions recjuire knowledge outside of this text.) 

Give instances of heat generated by mechanical action. Draw infer- 
ence. What did Count Kumford conclude? De8cril)e Davy's experi- 
ment. Is his experiment conclusive ? Who first made an exact deter- 
mination of the mechanical equivalent ? Describe his methods. How 
long did he devote himself to the subject ? What did he consider the 
moat probable value ? What is meant by work ? momentum ? energy ? 
foot-pound ? horse -power ? metre kilogram ? heat unit ? caloric ? raUf 
Define exactly the '* thermal equivalent." Why does the mechanical 
equivalent depend upon latitude ? altitude ? thermometer used ? In 
what respects do the results of Rowland's exiierimenta differ from Reg- 
nault's ? Is perpetual motion possible ? Why not ? When a gas ex- 
pands, why does the temperature fall ? When it expands into a vacuum, 
does its temperature fall ? 

What is an atom ? molecule ? " ether "? What are he it rays ? In what 
respects do heat and light differ ? agree ? When is abo<ly transparent ? 
opaque ? alhermanous ? di:ithermauous ? When is a Ixxly heated by 
radiation ? conduction ? When a body is heated, what three effects may 
be produced ? What is specific volume ? specific pressure ? specific grav- 
ity ? specific heat ? real specific heat ? apparent specific he :t ? latent 
heat ? latent heat of expansion ? thermal capacity ? 

What is a perfect gas ? imperfect gas ? Does the coefficient of expan- 
si(m vary with different giv^es ? For what is it least ? What is the " ab- 
solute zero"? Can it be realized ? Of what value is it in theory 1e 
What is thermodynamics ? What is a general equation of thermodynam- 
ics ? Eliminate d r from equations {A\ and deduce a third equation for 
dH. 



CHAPTER II. 

P EBFECT GASES. 



47. Difference of specific heats. From the 
equation of a perfect gas, equation (2), we find 



Wr/ ~ p " 
and these in equations {A) give 



\dr) V r' 

d v\ R __ V 

p T ' 



dll= Jt^dr -\-pdv,) (o^ 

dU^K^dr^vdpA ^ ^ 

R 

Let V be constant, then dv = o, and dp — —dty and the 

preceding equations will give, by placing the second mem- 
bers equal, 

.ffp~^, = i?; (28) 

hence, the difference of the two specific heat% for a perfect 
gas is constant, 

48. Specific heat constant. In a perfect gas no 
internal work is done during a change of state, hence, at 
constant volume, no work will be done by the absorption of 
heat, and all the heat absorbed will be sensible at all temper- 
atures ; hence, the specific heat of a perfect gas at constant 
volume will be constant, and equation (27) shows that, in 
this case, the specific heat at constant pressure will also be 
constant. It is found that the specific heat for sensibly per- 
fect gases at constant volume is independent of the volume. 
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Let Kyf=^Cy and K^ = C^ for sensibly perfect gases, and 
equations (27) become 

dll= C\dr^vdp^ ^ ^ 

which are the general equations of sensibly perfect gases. 
Equation (28) becomes 

R^C\- C;. (29) 

When Clausius first established the preceding equation, 
he concluded that both specific heats were constant for per- 
fect gases at all pressures and temperatures, although this 
view opposed the one then prevalent — ^that the specific heat 
was a function of the density of the gas. Soon after, how- 
ever, the experiments of Regnault confirmed the conclusion 
of Clausius by showing that it was practically constant for 
the so-called permanent ga^s, as air, oxygen, hydrogen and 
nitrogen. 

Regnault found the following results for air at constant 
pressure {Relaiion des Experiences^ ii., 108). 

Heat required to raise the temperature of one pound of 
air 1° C, at constant pressure, 

between — SO*" C. and + 10^ C, 0.23771 thermal unite, 
" 0° a " + 100^ a 0.23741 " " 

« 0^ a " + 200° a 0.23751 " " 

which show that it is not strictly uniform, neither is the law 
of change apparent. There is, apparently, a minimum 
value, but it is not safe to assert that such is the fact, much 
less to assign ite place. Other experimenters find values 
differing slightly from these. The departure from the mean 
is so small, we may, for all ordinary purposes, consider the 
specific heat as constant. 

Regnault also determined the specific heat of air under 
different pressures from 1 to 12 atmospheres, and of hydro- 
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gen from 1 to 9 atmospheres, and found the specific lieats of 
each to be sensibly constant within these respective ranges. 

49. The perfectness of a gas may also be tested 
by comparing its agreement with the equation of a perfect 
gas. Thus, Regnault found for atmospheric air, if the vol- 
ume be constant, the following : 



DcDBitjr, or preasare, in atmospheres 


Ratio of pressure at constant volume at 100" C. 


at (CO. 


to that at 0" C. 


0.1444 


1.36482 


0.2294 


1.36513 


0.3501 


1.36542 


0.4930 


1.36587 


1.0000 


1.36G50 


2.2084 


1.36760 


2.8213 


1.36894 


4.8100 


1.37091 



If the gaa were perfect we would have for a constant vol- 
ume i>, from equation (2), 

R 



Pi Ih ^. Pv 



(r. - r.) = !UI-l! 

^1 



in which the range, r^ — r„ of temperature being constant, 
and equal 100° C. in the preceding table, and r, = 273.7°, 

tlie ratio of -^ would also be constant. The preceding table 

shows a slight increase in this ratio with the increase of the 
density from 0.1444 to 33.3 times that value. The depart- 
ure, however, from uniformity is so small that, for ordinary 
purposes, air may be treated as a perfect gas in this I'e- 
spect. 

When the pressure was constant, it was found that the 
volume increased as follows : 
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Preflfliire. 


Increase of volame for an increaee of 100* C, the original volame 

being unity in each caee. 




Atraoepheric air. 


Carbonic acid. 


Hydrogen. 


760mm. 
2525 


0.36706 
0.36944 


0.37099 
0.38455 


0.36613 
0.36616 



In these experiments the increase of volumes was greater 
for the same range of temperatures when tlie pressure was 
greater, although for hydrogen the rate was almost exactly- 
constant. If the gas were perfect we would have for a con- 
stant pressure /^j, the equation 

^'. 1 _ y« — ^1 

tlie left meml)er of which should be constant if the gas were 
perfect, the range of temperatures and the initial tempera- 
ture being constant. 

In some other experiments the same mass of different 
gases was subjected to different pressures with the following 
results, V being the volume of one pound of the mass : 



Deueity or 


Hydrogen. 


Ifltrogen. 


Atmwptipric air. 


V 


P i PV 

1 


P 


pv 


P 


pt 


2 

4 

8 

16 


1 

2.00081.0004 

4.0061 1.0015 

8.0339,1.0042 

16.1616,1.0101 


1.9995 

3.9918 

7.9641 

15.8597 


0.9992 
0.9979 
0.9955 
0.9912 


1.9975 

3.9860 

7.9457 

15.8045 


0.988782 
0.996490 
0.993212 

0.987780 



This table shows that these three gases follow nearly the 
gaseous law expressed by the equation j9 -u = i? t„ that for 
hydrogen p v increases slightly with increase of pressure, 
while for nitrogen and atmospheric air this product decreases 
with increase of pressure. 
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The following table gives the expansion of several gaaes 
under constant pressure from 0° C. to 100° C, and the in- 
creased tension for tlie same range of temperatures under 
constant volumes, the initial pressure being one atmosphere, 
as determined by Regnaidt. 



Snbstance. 



Hydrogen 
Atmospheric air. 



Increase in volume 

under contitHnt 

prettaure for 



Increase of pmnnre 

under constant 

volume for 



100«C. 



IT. 



100»C. 



i«r. 



0.3(>r)l'0.0O2O34;O.3G67,O.002037 
0.3e)7(H 1.002039 O.30(>5|O.0O2O36 

Nitrogen j0.3H70,0.00203U!o.36()8,0.002o39 

Carbonic oxide 0.3B69 0.002038 0.3()()7'i).002O37 

'' acid 10.3710 0.002001 0.3688 0.002039 

O.3719i0.O()2O(U)'0.3070,0.0O2032 
0.3903 0.002168 0.3845 0.002136 
O.3877i'0.O02ir>4;0.3829,0.002127 



Protoxide of nitrogen 



Sulphurous acid 
Cyanogen 



50. To find Cy, The specific heat of any substance 
at constant volume has not been found to any degree of ac- 
curacy by direct experiment, but its value for sensibly per- 
fect gases may be computed from equation (29), for we 
liave 

a = c, - li, (30) 

wliich is the required equation. 

Regnault found for air, the mean value 



c^ = 0.2375 T, U. 



.-. r; = 184.77 = 0.2375 X 778. 
Also, equation (3'), li = _53.37 
difference = Cy =1^1M}; 

.', Cy = 0.1689 = 131.40 -T- 778. 

Equation (3') is here used because the determinations were 
made with the air thermometer. 

51. Relative specific heats. Since both specific 
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heats are constant for perfect gases, tlieir ratio will be con- 
stant, wliich we will represent by y ; then 

^ = -' = >'. (31) 

For air we have 

0.2375 . ^_^ 
^ = 01689 =1-*^^1- 

This ratio was originally found by means of the velocity 
of sound in the gas, in a manner soon to be explained, Art. 60. 
From equations (30) and (31) we find 

C,= -y— B = _J1^. ^1., = Dv,, (32) 

where i? is a constant for sensibly perfect gases ; hence, for 
another gas we have 

.-.^ = ^=^; (33) 

6'p' < 6V" 

that is, the specijic heats of two seiisihly perfect gases are dl- 
recHy as their specific vohtvies. 

But the specific volumes are invei'sely as the specific 
weights, or densities, of the gas, or 

w g 6 
hence, 

^ = - = ^ ; (34) 

that is, th^ specific: heats of two perfect gases are inversely 
as their densities. 

52. Let the temperature be constant during 
expansion, find tlie heat absorbed. 
For this condition 

dr = 



-Vo = — = 
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in the first and second of equations {B)j and from the first 
we have 

H=Jp(lv, (35) 

which may be integrated if j9 be a known function of v. 

The equation of the path of the fluid will be equation (2), 

making r = r„ 

^ 'W = i? r„ 

the value of p from which substituted in the preceding 
equation gives 






(36) 




The first member of this equation may 
be represented by the area (p^ABq)^^ 
Fig. 19, and the last member by v^ A 
B t?„ which is the external work done 
during the expansion ; hence, in a per- 
fect gas ike external work done during 
an isothermal expansion equals the heal 
absorbed — a necessary result, there be- 
ing no internal work. 

Since the area A B h \& common, it follows that, for a 

perfect gas, 

<p^h B (p^^ v^Ah v^. 

53. Let the volume be constant. 

e? V = and V = t;,, and equations {B) give 

zr=c;(r.-r,); 

S= C^ ir^ - r,) - V, O, -i>,)- 
But the equation of the gas gives 

v^p^=z jR r,, V, p,=z R r„ 
and the condition of the problem gives -y^ = i;^ ; 

.-. H=C^ (r, -r,)-Ii (T. - x.> 
= {C,-Ii) (r, - r.). 



Then will 



(37) 
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which placed equal to equation (37) gives 

(7, = (7p - R, 

as before found in equation (29). 

54. Let the pressure be constant. Signijicanee 
of R^ equation (29). Let the heat absorbed be 

dll= C^dr, (38) 

and equation {B\ beciome^ 

{C^ — O^) d r = p dv \ 

and since p is constant during the absorption of heat, a£ indi- 
cated by the condition in equation (38), we have by integrating 
the last equation between the limits r and r + 1 for temper- 
ature, and v^ and v^ for volumes, observing that v, — v^ will 
be the horizontal distance between the isothennals r and 
r + 1 at the upper extremity of the ordinate^, we have 

that is, ths valxie of R is the eueryy 
exerted hy 07ie poufid of the gas 
in expanding at constant pressure 
whU-e tlie temperature increases mie 
degree. 

In Fig. 20, if the isothermals through 
A and B respectively differ by one 
degree, A £ being horizontal, B C 
vertical, we have 

C^ = 771, A B ^3, Cy = m, C B m„ 

and bv the second law, 

v^ A Cv^ = m,A Cm^; 
.' . C^ — Cy = m^A B 771^ — m^ C B 7n^ =z 7n^ AB Cm^ 
= m,A Cm^ + ABC, 
= v,ACv, + ABC = v,ABv,; 
,' . R = v^ A B v^y 

which is Ihe external work done during the expansion at 
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cuiistaDtpreseurefroin tie state A on one ieotbermal to the 
state B OH the ieotliennal one degree higher, aa stated above. 

For air this becomes &3,21 footpounds (Eq. (3) ), or 
53.21 -f- 778 = 0.069 of a thermal 
unit. 

55, Let the path be arbitra- 
ry. Then will the first of equations 
{B) give 

77- fpdv= (:;(r,-r,> 

•' Kio. ai. 

The second term is, Fig. 21, 



/ 



p d V ^ 



and may be separated into two parts. Through A draw the 
isothermal A O^ and the adiabatioa Am, C m,. , £ m,; then 
V, A C V, = m. A C ntr; 

lA Cmr+ABC. 



■f" 



-fpa 



II =■ VI A B m^\ 

Ddv=77i.ABm;-mACmr-ABC 

-.mTCBm.,= C, (t, - r,), (Eq. (37) ) ; 
that is, to find the increased enei^ of the substance in 
passing from state A to state B due to the absorption of 
heat, through the initial state A of the substance represented 
on a diagram of energy pass an isothermal, and note the 
point C where it intersects the ordinate to the second state, 
then will the area between C B and two adiabatics drawn 
respectively through (7 and B indefinitely extended in tlie 
direction of increased volume, represent the increased 
energy of the substance. 

Let the isothermal A be prolonged to an intersection 
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with Bqi„ at Z>, Fig. 22, then according to tlie second law 
the indefinitely extended area tp, CD tp, will equal v, CD v", 
to which adding the area £ C D,we 
have 

ip,CB<p, = v,B Dv', 
by which means the increaecd energy 
of the substance in the etAte B over 
that in state A may be represented by 
the finite area i', B D v'. Thus in 
working from v, (o v, along the path 
A B, Fig. 23. the external work v,AB 
V, will have been done, and the energy of the substance 
will have been increased by the heat absorbed an amount 
represented by the area v, B D v'. This mode of repre- 
sentation is dne to M. Cazin. 

If a piston were driven by the expansion of a fluid with- 
out absorbing or emitting hent, it would 
do the work v,A Ev„ Fig. 22, where 
^ £■ is an adiahatic ; but if the heat 
of the expanding fiuid be maintained 
constant, it will do the work v,A Cv„ 
where ^ Gis an isothermal. In the 
latter case, the heat absorbed, tp^A C 
q>„ according to the second law, equals ^la. SS. 

the entire work done, -o^A Cv,; but 
the work done due to the heat absorbed exceeds that done 
by adiabatic expansion by tlie area EA C. 

EXERCISES. 

1. Deduce equation (37) from the second of equations (B), 
employing any other equation necessary. 

3. How many foot-pounds of heat must be absorbed 
by 2 ponnds of air in expanding to double its initial 
volume at the constant temperature of 100° TJ How 
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many degrees F. would it raise the temperature of 20 
pounds of water ? Here, r, = 460.66 + 100 = 560.66, and, 
equation (36), 

-ff = 2 X 53.21 X 560.66 X (2.303 X 0.301030) 
= 41370 ft.-lbs. 
^1370 

20 



^ = ^U^^Q = 2.66° F. nearly. 



3. How many B. T. U. of work must be expended in 
compressing 3 pounds of air at the constant temperature of 
15° C. to one fourth its initial volume ? 

4. By means of equations (3), (B), (29) and (31) reduce 
the equations for a perfect gas to the following : — 

dH= C^ 10.711 (? r + 0.2887 r —1- 1 
dH^ C, ri.406 ^ r - 0.406 r ^\ J 

5. The specific heat of hydrogen at constant pressure 
being 3.4090 find the specific heat at constant volume. 
Find the ratio of the specific heat at constant pressure to 
that at constant volume. 

6. The specific heat of oxygen at constant volume having 
been found to be 0.1551 find the specific heat at constant 
pressure ; the ratio of the two ; and their values in foot- 
pounds. 

7. Having 

Cp — Cy = -Zt, 

and , 

g- = y = 1.406, 

to find Cp and (7, in terms of R. 

Ans. Cp = 3.463 U = — 21- R. 

Y -\ 

Cy = 2.461 B = ^i— B. 

r -1 
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8. Find the value of D in equation (32), and tlie value of 
Cv in terms of v^, 

9. The specific heat of air being 0.2375, and tlie weight 
of a cubic foot being 0.080728 lbs., and the weight of a 
cubic foot of hydrogen being 0.005592, find tlie sjjecific 
heat of the latter by equation (34) and compare the result 
with the tabular value. 

10. How m^ny foot-pounds of heat must be absorbed in 
expanding three kilograms of air at the constant temper- 
ature of 30° C. from 3 cubic metres to 5 cubic metres ? 

11. If the equation to the path of the gas be^ = <z -y + S, 
the initial volume v^ = 10 cu. ft., initial pressure 2000 Ibf*. 
per square foot, tlie terminal t?, = 20 cu. ft., p^ = 5000 lbs. ; 
how much heat must be absorbed in passing from the 
initial to the terminal state, how much external work will 
be done and how much will the energy of the substance be 
increased ? Let the substance be atmospheric air. 

Ans. II = 232000 ft.-lbs. 

Cpdv ^ 35000 '' " 

H - fp dv = 197000 « " 

12. How much heat must be absorbed by a perfect gas io 
expanding at a constant pressure from ^\ to -w,, the initial 
temperature being r, ? What will be the final temperature ? 

13. How much heat must be absorbed by a j^erfect gas in 
expanding from the state j^x, v^ to^„ -y,, the equation to the 
patli being y' = m (^ — 6) ? If gas be air, p, = 2000 lbs. 
per ft.,^, = 6000, v, = 10 cu. ft., and v^ = 20 cu. ft. 

Ans. 291000 ft.-lbs. 

14. In the preceding example, the heat absorbed would 
raise the temperature of how many pounds of water through 
three degre(?s F. ? 

15. How many B. T. U. will be required to double the 
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volume of one pound of air at constant pressure from the 
temperature of melting ice ? 

16. How much heat will be absorbed in expanding a per- 
fect gas to twice its initial volume, if the eqtiation to the 
ji.th hejpv^ = c{a, constant) ? 

56. Let the gas expand without transmis- 
sion of heat. Since no heat is absorbed or emitted, we 
have, in equations (5), 

.\ Cy d r = -^ pdvy 
C^d r z= V dp. 

Dividing the second of these by the first, gives 

dp _ C^dv d V 

p ~~ ~~ Oy V "^ ^ V ' 

Integrating, 

where jPj and v^ are the initial limits, the other limits being 
general. From this we find 

^ V =r jPj -y^ = constant^ (40) 

which is the equation of the projection of the line of no 
transmission on the plane ^ v. To find it on the plane t t% 
eliminate j9 from the preceding equation by means of equa- 
tion (3) and find 

al80=(^-J y ' (41) 

wliich are the equations to the adiabatics for perfect gases. 
If j?„ ^a, r, be terminal values, then 



- = (-'V 
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EXERCISES. 

1. Two cubic feet of air at 60^ F., and initial pressure one 
atmosphere (absolute), is compressed in a cylinder to 5 at- 
mospheres gauge pressure ; if there be no transference of 
heat, required the terminal temperature and volume, and 
the pounds of water at 60° F. necessary to reduce the tem- 
perature to es'' F. 

We have, omitting 0.66 in the temperature, 

Tj = 460 + 60 = 520" F. 

AOJi. 

r, = 530 (f)*^* = 873'' F. 

_i 

v, = 2 (4)'-*"*= 0.559. 
Tr(6lH60) = 2 X 0.2375 (r, - 525) X 0.0807 
. •. >r=.891b. 

2. If one cubic foot of air expands from a pressure of 4 
atmospheres gauge pressure and temperature of 60"^ F. to 
an absolute pressure of one atmosphere without transmission 
of heat, required the terminal temperature. 

We liave 



r, = 520 (i)^^*^*^ = 327" ; 
. • . Ta = 327 - 460 = - 133" F., 

or the terminal temperature will be 133" below the zero of Fahrenheit's 
scale. 

57. It will be seen from exercise 2 that a low tempera- 
ture may be secured by suddenly expanding a gas from a 
high pressure and moderate temperature to a low pressure. 
This principle is used for commercial purposes, one form of 
which is called "cold storage." A gas — as ammonia — is 
compressed to a comparatively high tension, thus increasing 
its temperature, and allowed to cool while under high ten- 
sion, after which it is expanded to a low tension, thus pro- 
ducing a low temperature of the fluid. A liquid whose 
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freezing point is lower than that of water — ^technically called 
" brine "—is made to circulate in pipes througli the cool fluid, 
thus reducing its temperature, after which it passes to com- 
paratively air-tight compartments containing the articles to 
be preserved — such sub meat, vegetables, fruit, eggs, &c. Any 
desired temperature may be thus maintained for any length 
of time at all seasons of the year. Meat is thus stored and 
kept frozen for months. v 

Ice machines are constructed on the same principle, by 
means of which ice may be manufactured during hot 
weather. 

58, An air-compressor is a machine, or engine, for 
compressing a gas, as atmospheric air, to a higher tension. 
Air thus compressed is useful for many purposes — especially 
for driving engines in the place of steam, when the power 
is to be transmitted a considerable distance, and especially 
underground. It does not condense like steam. If the heat 
which is generated in the act of compression could be re- 
tained until the air is used in the motor, it would be 
useful, but a large portion of it generally escapes through 
the walls of the conducting pipes and storage reservoirs, 
and hence is energy lost. To avoid this loss efforts are 
made, in the use of the best compressors, to prevent as 
much as possible the rise of temperature during the pro- 
cess of compression, by injecting water into the cylinder. 
The water should enter the cvlinder in the fonn of a line 
spray, the elements widely diverging, so as to fill, as nearly 
as possible, the entire cross-section of the cylinder with a 
mist. 

If compressed air escaping from a vessel suddenly ex- 
pands, its temperature may be reduced to such an extent as 
to freeze the water in it and choke the exhaust. This an- 
noyance is reduced, and sometimes prevented, in the case of 
motors, by causing warm air to circulate about the exhaust, 
and in other cases by gradually increasing the section of the 
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outlet, Tlie outlet should be smooth, so that the ice may l>e 
easily dislodged. 

EXERCISES. 

1. An air-compressor whose cross-section is 2 square feet 
and stroke 3 feet takes in air at a tension of 14 pounds per 
square inch and temperature 60^ F., and compresses it to 60 
lbs. gauge pressure without transmission of heat ; required 
the final temperature and the pounds of water at 50° F. 
necessary to reduce tlie temperature of tlie air to 55*^ F. ; to 
70° F. ; to 90° F. 

2. In the preceding exercise, if the air at 60 lbs. gauge pres- 
sure and 70° F. expands adiabatically to a final pressure of 20 
lbs. gauge pressure ; required tlie final temperature and the 
pounds of water that. it would cool from 60° F. to 32° F. 

3. Required the entire amount of heat-energy in one 
pound of atmospheric air, at the temperature of melting ice, 
considered as a perfect gas. 

Considering that it is brought to its present temperature by being 

heated from absolute zero at a constant volume, we have, in the first of 

equations (B), 

dv = o; 

= Cy u (a) 




'.H= Cv / '*dr= a 



But from equation (40), 



= 131.40 X 492.66 = 64735 ft-lbs. (b) 

We may also consider tliat the entire heat- 
energy has Ixjen transmuted into external work 
by an adiabatic expansion, A B, Fig. 24, in 
which case we have, from the first of equations 

dJI= = OrdT+pdv. 



y y 

pv = poVo. 

y -y 
,-. p = PoVo V =z av. Fig. 24 ; 

X 



.', — Cv i dr =z p^Va / V '^d V, 
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or 



6Vro=?lJ:i = ?^* = 64786; 

• • . y = 1.405 very nearly. 

If 7 = 1.406, 88 previously found, then 

26214 



y-1 



= 64566, 



which is about jht of this value less than the preceding. 

If the terminal temi)erature be the zero of the air tliermometer, then 
the value of JJin equation (a) would be 

H = 181.40 X 491.18 = 64584, 

which agrees very nearly with the preceding value, where / = 1.406. 

4. Eequired the height to which a ball weighing one 
pound could be projected upward in a vacuum by the heat- 
energy in one pound of air under the pressure of one at- 
mosphere at the temperature of melting ice, (Use the 
value in (J) of exercise 3.) How many times the height of 
a homogeneous atmosphere ? 

5. Eequired the entire heat^nergy in one pound of hy- 
drogen at sea level at the temperature of melting ice. 

6. Required the heat-energy in two pounds of air under 
the pressure of one atmosphere at the temperature of 
100° F. 

7. If a gas be forced into or out of a receiver of constant 
volume, without transmission of heat, can equations (42) 
be transformed so as to give the rela- 
tion between weights, temperatures and 
pressures? 

8. For a perfect gas, verify the fact 
that the external work v^AJS 2>„ Fig. 
25, equals q}^AB<p^^AB being an iso- 
thermal, A <p^ and B q>^ adiabatics, by 
finding the area <p^hB ^,. 




FIG. 25. 



The equation of A <pi will be 



Y y 

Pi V, z= pv. 
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of B <p%. 



from the f onner, 



y y 

y 

V 



from latter. 



p=ed=Pl^; 



y y 

- 



and 



area tpibB<pt^= 



\p^ v, - p, V, j / r- 



y 1-y 
_ p> v, ~ Pi V\ v« 

r-1 



Also, 



Y 1—7 



area viAbv^= I p^ v, = ^-^i— ^ — ^ * * . 

and since ^ ^ is an isothermal, we have pi v^ = ps v, ; hence 

area q>xb B<p%-= area vi Ab vi. 
Adding ABb AXx> both, gives 

Vi -4 -B v« = ^1 J. J9 <pa. 

9. In a perfect gas, show that if the 
states A and J?, Fig. 26, are on the 
same isothermal, the intrinsic energies 
are the same at those states, and hence 
independent of the path of the fluid 
J between those states. 




* 



Vi ^a 

FIG. 26. 



This follows directly from the analysis of 
exercise 3 ; for it is there shown that the intrin- 
sic energy at A will be 

Pm v» 



and hence at B 



r-1 
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but siDce A aud Barton the mme lMth«nn»), we baT« 

kud. therefore, the two preceding exprcaloiu are equal, ladependently 
or the palli between the slates A and B. 

10. In a perfect gas, verify the principle : The elementaiy 
areae between consecutive isothermals 
and a pair of adiabaticB are eqnal, by 
using the equations to the adiabaticB. 

Let A B, Fig. 27. be an isothermal— the top- 
most ooe — y z any other, both limited by the 
pair of adiabatics A q>, and B <pt. Let isoUicr- 
mala be drawn under A iJandye respecllvely, 
80 that the difference in tempcraliirea will be ^^ ^ 

d r in each ; the length of the one at .d B 

measured on the aiis of abscissai being v, -~ v,, &ndotv(,f, — vi.weare 
to prove that 



I dp dv = I dp 



Lei the equations to the lines be 

P V = a = fl r, for .d B, (1) 

pv = d = Rutoisi, PJ) 



pv = etoTB<p,. (4) 

To find the abscissa, v,, of the point of interaection ot A B and A gii, 
make p common to equations (1) and (8), eliminating which gives 



Similarly, from (1) and (4), 
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Similarly, for the points y and t, we have 






1 



. ''« _ ^« 
• • •"" • 



1 



From the equation to a perfect gas, we have 

pv = Bt ; 

V 



. '. 1 dpdv = RdT 


1 '*''- = BdTl0g*'\ 
/v, V V, 


which is the area of the strip A B. 




Similarly, /"v* 

/ dpdv =z Bdr 








which is the area of the strip at y e ; but since !!5 = !!?, as shown above, 
it follows that these strips have equal areas. ^* *** 

It appears from the above that the lengths of the strips A B and x y 
are unequal, for 

1 1 
vs - v, = -^ = -y- , (say), 

but 
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For instance, if the temperature of the isothermal y z were 300** abso- 
lute, and of A B, 600*" absolute, then from (1) and (2) above we have 



and 



^ - 2 



1 



V4 — vj ( a\ 



or the strip &tyz for the 800** absolute temperature would be more than 
5i times the length of the topmost, or the 600 degree one. For the 

depths we have 

R 

dpi = — d T, Bt A, 

dpt = -dT,aiB, 

v% 

dpt = -dr, aty, 
»'» 

dp4 = --rf r, at B, 

being less and less from ^ to z. If «« = 2 t^i, then «4 = 2 Vt, and 

d pi = 2 d p9» 
dp» = 2dp«; 

and further, if ©, = ««, then 

dpi = 2 (2 p« = 4 (2 p4. 

The strips increase in length as the isothermals are lower in temper, 
ature, but decrease in depth. In the case of perfect gases the consec- 
utive isothermals cut equal areas from the area representing external 
work, and the area representing heat, so that in Fig. 15 we have 
abed = efhg. 

11. In Fig. 28, show that the area 
t\ A, B^v^ = v^ A^ jB, v^^ for perfect 
gases. 

Let the equations to the lines be 



for Ai A7, 
for Bi Bi, 
for Ai J/i, 
for A7 M%, 



pv = ei, 

pv* = C%, 
pv^z^d; 




PIG. 28. 



from which the co-ordinates of Ai, A%, Bi, Bt, may be found. Thus, 
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1 
9i = Vi= (~)^~^ ftnd similarly for the other co-ordinates. We have 






c«), 



and the area «< At B% v^ reduces to the same value ; hence, in working 
around Carnot's cycle the work done during expansion without trans- 
mission of heat equals that done during compression also without trans- 
mission of heat, and they cancel each other. This should have been an- 
ticipated, since all the work done is by a transmutation of heat. The 
same is true for imperfect gases, since the. internal work cancels for a 
complete cycle of operations. 

12. A cylindrical vessel the area of whose base is one 
square foot contains 2 cubic feet of air at 60° F. when com- 
pressed by a frictionless piston of 2000 pounds resting upon 
it ; required the volume and temperature of the air if the 
vessel be inverted, there being no transmission of air or 
heat. 

13. A cylindrical vessel the area of whose base is a 

square feet and height b feet is filled with air at 60° F. and 

pressure of ^ one atmosphere ; a frictionless piston whose 

weight is to is placed at the upper end and dropped into the 

cylinder ; if there be no escape of air nor of heat how much 

will the air be compressed, and what will be its temperature 

at the instant of greatest compression ? 
Let X = the height of the volume of air when the piston has descended 
to its lowest point ; 
p = the pressure of the atmosphere on a square foot ; 
then will the work done during the descent of the piston be 

(/) a -f- w) (ft — a-) ; 
and the opposin^j work done by the air will be 

.-. (pa -(-«,) (6 -^) =^^(J^ - ^y 
from which the value of x may be found when numbers are substituted 
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y~i. 



for the other letters, and therefore b — x becomes known. The adiabatic 
relation also gives 

r.= 620.6(|) 

14. If the heat absorbed varies as r" find the path of the 
fluid. 

Here fl" = a r» ; 

,'. d I{= an r""" dr, 

and the first and second of equations (B) give 

— 1 



anr dT = CvdT-\-pdv, 
in which substitute 



anr^ dT = CpdT — vdp; 



Br , Bt 

p = — and V = — , 
V p 

and dividing through by r, thus seiiarating the variables, and integrating, 
gives 

Eliminate r by means uf equation (2) and find the equation in terms of p 
and V. Equation (2) may be deduced from the last equation here given. 

15. If the heat absorbed varies as ^j" find the equation to 
the path of tlie fluid. 

16. If the heat absorbed varies as p^ find the path of tlie 
fluid. 

17. If IT = a v^ -\- bj?^ find the equation to the patli. 

APPLICATIONS. 

59« Velocity of a wave in an elastic medium,* 

This article is a digression for the purpose of establishing a formula from 

* The general problem of wave propagation has received the attention 
of several of the most eminent mathematicians since tiie days of Newton, 
and many problems have been solved in a satisfactory manner. The 
simple method of Newton, Prindpia, Prob's XLIII.-L., B. II., has not 
been excelled, and the definite theoretical result obtained is quoted to 
the present day, although the effect of heat upon the velocity of sound 
was not then known. La Place, in the MScanigue Celeste, tomes II. and 
V. , has treated of the oscillations of the sea and atmosphere ; Lagrange, 
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which y may be deduced. Assume that the medium is confined in a 
prismatic tube of section unity, E tlie coefficient of elasticity for com- 
pression, "p a force which will produce a compression (2 ^ in a length d x, 
then from definition we have 

The lamina d x will be urged forward — or backward — by the differ- 
ence of the elastic forces on opposite sides of it, and as the quantities are 
infinitesimal, this difference will hQdp\ or 

Let D be the density of the lamina, then its mass will be M =■ D dx, 
and we have from equation (21), page 18, of Analytical Mechanics, 

d V dx 

or, 

di"" JJ da^* ^ 

which is a partial differential equation of the motion of any lamina, the 
integral of which is given in works on Differential Equations. One 

of the methods is as follows : Let E -t. D = a*, and adding a ?- 

dxdt 

to both members, w^e have 



dt \dt^ dxJ dx \dt^ dxJ 



jAii 



y^dy dy_ 

dt^ dx* 



in the Mecanique Analyiiqve, tome II., has discussed the problem of the 
movement of a heavy liquid in a very long canal ; M. Navier published 
a Memoire on the flow of elastic fluids in pipes, in the Acadimie des 
Sciences, tome IX. ; and M. Poisson wrote several Memoires on the propa- 
gation of wave movements in an cla.stic medium, and the theory of 
sound, for which see JourncU dc V&ole PolytecJinique, 14th chapter, and 
of the Acad^mie des Sciences, tomes 11. and X. These eminent mathe- 
maticians established the basis of the analysis for the solution of the 
problem. More recently we have M. Lamp's Lemons svr VElastieite des 
Corps solides, and Lord Rayliegh's Treatise on Sound, both of which are 
works of great merit. 
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(If) = u 

where the parenthesis indicates a partial differential coefficient, and 
and equations (48), (44), (45), give 
The total differential of V = f{x,t) is 

'''=(i-r)-+(VT)-. 

by substituting (46), 

and integrating, 

r=Fi. + af) = yL + al^, (47) 

where ^is any arbitrary function. 
Similarly subtracting a J from (48), 

r=fi.-a, = 'JL.ai^. (48, 

Adding and subtracting (47) and (48), we have the respective equations 

But 



••■'"=(fi)''+fe)'"- 



and substituting from above, gives 

^ y = o":; ^(^ + « ^> ^ ^^ + ^* - o— /(^ " « <2 (« - a ; 

integrating, 

y = f(x-\-af)-^q)(x-at), (49) 
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where V and ^ w* any arbitrary functions whatever. Their character 
and initial values must be determined from the conditions of the prob- 
lem. The equation represents a wave both from and toward the origin. 
If the wave be from the origin only, the <p function may be suppressed, 

and we have 

y = ^ (aj + a 0, (50) 

and differentiating, 



(a = •' 



(x + a 0, 



which is the rate of dilation (the expansion or contraction of a prism of 
the air), and 

(!!)=''•*'<* + »«: 
which is the velocity of a particle, and dividing the latter by the former, 

which is the velocity of the wave ; hence, 

t* = a = \/^, ^2) 

which is Newton's formula {PrincipUi, ii., § 8). 

The elasticity of air equals its tension ; hence, if p be the pressure per 
square foot, w the weight of a cubic foot, and H the height of a homo- 
geneous atmosphere, then 

u = |/^ = i/TiT; (53) 

hence the velocity of sound would equal the velocity of a body falling 
through a height equal to one half the height of a uniform, atmosphere of 
tfiat substance. 

This principle is applicable also to the vibration of elastic cords, and it 
is found that 

The velocity of vibration of an elusUc cord equals the velocity of a body 
faUing freely through a Jieight equal to half the lengtJi of Uie same cord 
whose weight would equal t/ie tension. 

Similarly, in water not so shallow as to }ye affected by the friction of 
the l)ed, 

The velocity of iraves on the sea equals the velocity of a body faUlng 
freely through a height equal to half the depth of the sea. 

It has been assumed that E and D remain constant in wave motion ; 
but it Ins long b?en known that the results given by equation (53) for 
gases do not agree with those found by experiment, and La Place showed 
that the elasticity was increased by the action of the wave due to com- 
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pression. It is necessary, therefore, to consider equation (52) correct 
only for ultimate values ; or 

Since 

p QC v>^ 

^10 to 

.-. u x= 4/?^ ^ ViVH ' (55) 

60. To find the value of y, we have from equa- 
tion (55) 

w 

y = ^«*; (56) 

by means of which y may be found when the velocity of 

sound in a gas of given weight and tension are known. We 

have * 

it? __ 1 __ 1 To . 

.•.r = ~^. (57) 

which reduces the detennination of y to that of the velocity, 
Uy of sound in a gas at known temperature r ^g^p^ v^^ being 
known. 

61. The velocity of sound has been determined 
by direct experiment with the following results : 

Velocity per second. 
In dry air at 0* C. Centimetres. Feet. 

MM. Bravais and Martins 33237 1090.5 

Hr. Moll, Van Beck, and Kuytenbrouwer 33226 1090.1 

The French Academy, 1738 33200 1089.2 

" " " 1822 33120 1086.6 

M. Eegnault 33070 1085.0 

M. Le Koux 33066 1084.9 

Mean 33153 1087.7 
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Again, if v be the velocity of sound, A the wave length 
and n the number of waves (or the frequency of the waves) 
in a second, then 

By this means it has been found for the velocity of sound 
in dry air at 0° C. 

Centlmetroe. Feet. 

By M. Dalong 33300 1092.5 

" Hr. Seebeck 33277 1091.8 

« M. Schneebeli 33206 1089.4 

" Hr. Wertheim 33313 1093.0 

Mean 33274 1091.6 

Hr. Kayser determined very accurately the wave length 
A, by means of Professor Kundt's dust figures, correspond- 
ing to a given tone of vibration, or frequency 7t, by which 
means he found for 

Centlmetrefi. Feet. 

the velocity of sound in air at 0° C 33250 1090.9 

Mean of the eleven determinations 33206 1089.4 

The height of a homogeneous atmosphere of dry air at 
0° C. as determined by Regnault is 26214 feet ; hence, the 
theoretical velocity of sound in air, neglecting the eflfect of 
wave condensation, would be 

V = /26214 X 32X= 918.7 ft. per second ; 

.-. r = (^^x||)*= 1-4061 = 1.406 (say). (58) 

This value of y is on the supposition that air is a perfect 
gas, and the error resulting from this hypothesis is scarcely 
appreciable, and certainly cannot affect the result so much 
as the errors of observation. The mean of such a large 
number of good determinations is probably more reliable 
than any single observation taken at random. This was the 
original mode of finding the value of y, and the only one 
known before the determination of Joule's equivalent. It 
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is nearly the same for all the permanent gases, as air, 
hydrogen, oxygen and nitrogen. 

62. To find the specific heats of the sensibly 
perfect gases. We found in equation (32) that 

c; = ~^i J?; (59) 



For air we have 



r-1 
C. = yzr^ B. (60) 



Cp = ^ 53.87 = 184.83 ; 

.-. Cp = 184.83 -^ 778 = 0.23757. 

The mean of the values given by Begnault is 0.23751 
{Relation desEacp,^ tome II., p. 101), the first four figures of 
which agree with the results of our computation. Professor 
Bankine was the first to make this computation, in 1850, 
using, however, y = lAy which gave e^, = 0.24. Up to 
tliat time this was the most accurate detennination of the 
specific heat of air ; and when, soon afterward, the very 
accurate and entirely reliable experiments of Begnault gave 
very nearly the same result, Bankine's determination was 
considered a crucial test of the correctness of the dynamical 
theory of heat. 

63. To find the mechanical equivalent of 
heat by means of the specific heat of a gas. From equa- 
tion (59) we have 

L 

.•.e/=-2^.:^. (61) 

Having found y ^7 means of equation (58) without a 
knowledge of the value of «/, and R and c^ having been 
found by Begnault, we have, by substitution, 

^ 1406 53.37 ^^, ^ 
^ = 406 ^ 02375 = ^^^ foot-pounds 



C^^Jc^^-JL^B', 
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on the scale of the air thermometer. If i? = 53.21 we 
find J = 776 for the probable mechanical equivalent on 
the absolute scale. The former equals 426.8 kilogram - 
metres. This was substantially the method originally used 
by Mayer of Germany, by which means, in 184:2, he found 
365 kilogram-metres, and Holtzman, in 1845, found 374. 
The fact that Dr. Mayer assumed air to be a perfect gas, 
and made no attempt to prove the correctness of the 
assumption, added to the fact that the value he obtained 
was scarcely a rough approximation, has, in the eyes of 
some historians, deprived him of the honor of being the 
first to determine this important constant. Joule justly has 
the credit of first determining it accurately. Mayer did not 
work out the equations as above, but solved the problem in 
the most elementary manner, the process for which is 
worthy of special study. Thus, he considered that it re- 
quired a certain amount of heat to increase the temperature 
of a given amount of gas at constant volume — all of which 
simply made the gas hotter, and if the gas expanded against 
an external resistance it required more heat in order to 
maintain the higher temperature — thus reviving the idea 
of Rumf ord and Davy. Let one pound of air under the 
pressure of one atmosphere, jp pounds per square foot, 
occupy the volume v. The increase of volume for one 
degree of temperature, jp being constant, will be -w -4- r, and 

hence the external work done will be - — = H (equation 

(2)). The heat absorbed at constant volume will be c^, 
and, at constant pressure, ^p, and the difference of these 
amounts of heat does the work H, provided no internal 
work is done; hence, 

J R R 

^P — ^v (r — 1) ^v 

as before. 
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64. The constants «/, i?, yy are so related as to serve as 
mutual checks upon each other, but this relation does not 
determine the e,t'act values of any one of them. When de- 
tennined directly they are subject to small errors, due 
chiefly to errors of observation, but the results are believed 
to be correct within i of one per cent, and in some cases 
the error is probably much less. 

65. Other methods of determining^ y. This 
constant has been found by the principle of adiabatic ex- 
pansion. Thus, equations (41) give 



r = 



log p — Jogp, 
log v^ — log V 

log r — log r, 
log v^ — log V 

Ugp 



+ 1 



logp — logp^ —logr-^logT, 

To secure data for use in these equations, MM. Clement 
and Desonnes used a 20-litre glass globe closed by a stop- 
cock Ay Fig. 29, and connected with 
a vertical glass tube jff, dipped into 
water, which acted as a manometer. 
By means of an air-pump attached at 
D a partial vacuum was produced in 
the vessel, after which, by opening the 
cock at A a very short time, air would 
rush in and produce the pressure of 
the external atmosphere, and by com- 
pressing that already in the vessel, raise the temperature ; 
and after the cock was closed it cooled to that of the sur- 
rounding temperature, and the pressure diminished. In the 
preceding equations let^ = p^ = the atmospheric pressure, 
Pi the initial and p its final pressure ; then the temperature 
being the same at the beginning and end of the experiment, 




Fia. 20. 
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we have 

or 

log v, — log V = logp — log p^ ; 

• • ^ log p — logp. 

It was found in one of tlie experiments that 

jr>o = 1.0136,^, = 0.9953,^ = 1.0088; 
.'.y = 1.3524.* 

MM. Gay Lussac and Wilter modified this experiment by 
forcing air into the vessel and allowing it to escape adiabati- 
cally until the pressure in the vessel equalled that of the 
external air. They found 

p^ = 1.0096,^, = 1.0314, jr> = 1.0155 ; 
.-.;/ = 1.3745.t 

In this manner M. Hirn found 1.3845, M. Dupre, 
1.399, Hr. Weisbach, 1.4025, M. Masson, 1.419 for air. For 
carbon dioxide M. Masson found 1.30. 

The discrepancy in the results arises chiefly from the fact 
that the changes in pressure are not adiabatic, but the 
inertia of the inflowing gas produced a compression exceed- 
ing the normal value, resulting in a reaction tending to force 
a portion of the air out again, producing an oscillating effect, 
as shown by M. Cazin,:|: who also found, by similar means, 
the same value, 1.41, for air, oxygen, nitrogen, hydrogen 
and carbon monoxide. 

Hr. Kohlrausch substituted an aneroid for the manometer, 
used above, because more sensitive to pressure, and found 
r = 1.296 {Fogg. Annalen, 1869, CXXXYI., 618). This 

* Jour, ds PJiynque, LXXXIX. (1819), 428. 
\Ann.de Ok, et de Phys., 1821, XIX., 486. 
Xlbid,, 1862, LXVL, 206. 
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result was not considered good on account of the small 
quantity of air used in the experiment, although the method 
is considered an improvement on the preceding. 

Dr. Rontgen in 1872 made a series of experiments with 
a more perfect apparatus, containing a much larger quan- 
tity of the gas, the mean of ten good experiments giving 
y = 1.4053 for air {ibid. (1873), CXLVIIL, 580). 

The difficulty in these experiments of obtaining the ob- 
servations for strictly adiabatic changes generally results in 
too small a value for this constant. 

66. Flow of gr&'S^s* ^^6 fio^ oi perfect gases as af- 
fected by the principles of thermodynamics was investi- 
gated by Messrs. Joule and Thomson {Proc. Boy. Soc.^ 
1856) and "Weisbach {Cimlingeneurj 1856). See the au- 
thor's Analytical MecJia/nicSy page 389. 

Let w = the weight of a unit of volume, 

p = the pressure at any point of the issuing jet, 
V = the velocity at the point where jp is measured ; 

then, for a unit of section and distance d 8 the mass moved 
will he w d 8 -^ g and the work done hy dp will be 

. y'_rdp 



=/ 



2g J w 

If the cooling due to the expansion during discharge 
follows the adiabatic law, then from equations (41) we have 



a')'""=(i)"'={i) 



X 



1 
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which substituted above gives 

where ^, is the tension just within the reservoir, and^, that 
just outflide. But the equation of a perfect gas reduces to 

^ _ i>o ^, 



.. - W, T. - -P" ''• To ' 



^ y — 1 To * V r/ 
which in English units becomes 



= 14.933 |/ ^' r. (l - !•) ; (63) 

and this for air becomes 



V = 14.933 r 53.21 r^ (l - -•) 

= 108.93 j/ r, (l - -«), nearly. 

If the flow be into a vacuum, p^ =z o\ .-. r^ = o, and 
V= 108.93 ^^^; 

which at the temperature of melting ice becomes 

V = 108.93 |/492j66 = 2417 feet per second. 

Making r, = ^ in equation (62) and comparing with equa- 
tion (66) of Article 60, shows that the velocity of discharge 
into a vacuum will be 

^ r-i 

times the velocity of sound in the gas at the melting point 



w 
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of ice, which for air becomes 2.214 X 1089.4 = 2417 feet 
per second, which is less than half a mile per second. 

67. The welgrht of gas escaping per second will be 

in which 

Q = the volume escaping measured outside the reservoir, 
w^ = the weight of unity of volume outside the reservoir, 

S = the section of the orifice, and 

k = the coefficient of efflux. 

Equation (64) is a maximum for 

which for air becomes 

A = 0.831, II =r 0.527, ^« = 0.504. 

The values of ^ as found by Professor Weisbach are : 
Conoidal mouthpieces, of the form of the contracted vein, 
with effective pressures 

of from 0.23 to 1.1 atmospheres 0.97 to 00.99 

Circular orifices in thin plates 0.55 to 0.79 

Short cylindrical mouthpieces 0.73 to 0.84 

The same rounded at the inner end 0.92 to 0.93 

Conical converging mouthpieces, the angle of 
convergence being 7° 9' 0.90 to 0.99 

EXERCISES. 

1. For a perfect gas, if the temperature of the gas at the 
outside of the orifice equals that of the reservoir, what will 
be the velocity of exit ? 
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2. Wliat is the initial velocity with which hydrogen 
will flow into a vacuum from a vessel in which the tempera- 
ture is 60° F. ? 

3. What weight of air will flow from a very large vessel 
in one second in which the internal pressure is 4 atmospheres 
and temperature 100° F., the external, one atmosphere and 
temperature 40° F., flowing through a short cylindrical tube 
i inch in diameter, the coefficient of discharge being 0.8 ? 
Consider the vessel so large that the pressure may be con- 
sidered constant during the discharge. 

SUGGESTIONS FOR REVIEW. 

What does B represent ? In Fig. 20, may A be taken anywhere on the 
r isothermal ? Draw several verticals between two isothermals differing 
by * unity and show what areas must be equivalent if Cv be constant. 
In Fig. 22, if the gas be compressed from state B to state A, show what 
changes take place in the heat. Do the principles applicable to expansion 
also hold for compression? What is a perfect gas? Wliat is a thermal capac- 
ity ? Define the two more common specific heats. Can there be more than 
two specific heats ? Illustrate. If a pound of air occupies 10 cubic feet, and 
another pound 40 ctibic feet, both at the same temperature, which will 
absorb the more heat in having its temperature raised one degree ? De- 
scribe Mayer's method of determining the mechanical equivalent of heat. 
What gas has the greatest specific heat ? If the mechanical equivalent 
were the heat necessary to raise the temperature of one pound of air one 
degree, about what would be its numerical value ? Describe methods of 
finding the value of y. What is the smallest value of y given in the text ? 
the largest ? the value adopted ? How was the last one determined ? 
Will the gifeatest volums of a gas escape from an orifice when the velocity 
of exit is greatest ? Will the greatest toeight of gas escape when the veloc 
Uy is greatest ? Why not ? 
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68. Geueral discussion. Equations {A) are the 
general equations for the heat absorbed by an imperfect 
fluid, and for convenience are brought forward. They are 



dJI =K,dT-{-T (^-^) d V. 



dn=K„dr 



U) 



In the first of these equations the last term is the entire 
work, both external and internal, due to an expansion d v, 
so that if ^' be such a pressure that when multiplied hy d v 
would equal the entire work done, we have 



^' = ' m)' 



(66) 



\diich we call a virtual pressure. In Fig. 30, if v^ A = p 
be the external pressure at the vol- 
ume V and temperature r, then will 
some ordinate, as v, a, represent^', and 
hence 



A a =p' -^p = tQ^^^p 




will be the real virtual pressure, being 

such an ideal pressure as would when 

nmltiplied by d v give the internal work due to expansion 

only. If the path A B he arbitrary, we have, generally, 
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(67) 



v^ A B v^= I p d V. 
v^ah v^ = I r ( ~) d v. 

AahB = £^'\_r [^) -p']dv + <p{r), 

the indicated integral being the latent heat due to expan- 
sion, and (p (r) a fmiction of the temperature, being the 
latent heat due to an increase of temperature. 

If K^ in the first of equations (-4) is variable, then will a 
part of the heat absorbed do internal work due to a change 
of temperature. It appears, then, that the internal work 
may be considered in two distinct parts : one due entirely 
to change of volume, the other entirely to change of 
temperature. 

69. Let the temperature be constant during 
expansion. This is a case of isothermal expansion, and we 
have dt = and r = r^, and the first of equations {A) be- 
comes 

m 




"^'J&X"'' 



m which \—J- ) is to be found from the 

\dr Iv 



equation to the gas. In Fig. 31 let a 6 
be the path of the fluid, which will be 
an isothermal of the substance, then will 
v^ahv^ be the external work done dur- 
ing expansion, and let aefh represent the internal work, 
then w^ll v^ e,fv,, represent the total work done, and will be 
the latent heat of expansimi / and we have 

ordinate to e f =p' = r, (-^ 



^1^/ 



V. = rj{ 



'd_£ 
d r> 



dv. 
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EXERCISES. 

1. If equation (7) be the equation of an imperfect gas, 
find the total work done during an isothermal expansion 
from ?>, to 2 v^. (Use equation (68).) 

2. If a J, Fig. 31, be the isothermal of the gases in equa- 
tion (7), and c d what it would be when or, fi and y are each 
zero, give the equations of ah^ c d^ ef^ and the values of 
v^ a, a e and c e. 

3. Given equation (7) to find the external work v^ah i'„ 
Fig. 31, and the internal, a efb. (Equations (69) and (70)). 

4. If the equation of the gas hep v = li r — — , show 

that ac =z cej Fig. 31, a b being the isothermal of the gas, 
and c d wliat the isothermal becomes when h is zero. 

If one pound of carbonic acid gas at 300^ F. expand 
isothermally from 10 cubic feet to 20 cubic feet, find the 
total work done, also the external and internal work. (Use 
equations (6), (69) and (70).) 

5. What will be the total internal work of expanding 
two pounds of carbonic acid gas indefinitely at the constant 
temperature of 200° F., the initial volume being 8 cubic 
feet ? (The Umits of integration in equation (70) will be a. 
and 8.) 

Ans. ^^ foot'poundH, 

6. The initial volume of a pound of carbonic ficid gas 
being 8 cubic feet, how much must it be compressed at tlie 
constant absolute temperature of 600° F., so tliat the inter- 
nal work shall equal the external work ? 

7. If equation (4) be the equation of the gas, in which 
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12 3 

a^ = — ) a, == ~> a. = -p find tlie equation of an isother- 

nial, tlie external work done during an isotbennal expan- 
sion, and tli6 toUil work done. 
Ans. for the total work, 

70. Chaiig^e of state in regard to (u/gregation. Let 
tli£^ temperature and pressure he constant^ required the heat 
absorbed. 

For this case dr =. Oy and t {^L£\ will be independent of 
t), hence ^^^ ^^ 

These conditions are realized during three physical 
clianges — fusion, vaporization and sublimation. 

71. Latent heat of fusion, or of liquefaction. 
Substances may be melted — clianging from a solid to a liquid 
state — under the constant pressure of the atmosphere, or 
other pressure, and at a fixed temperature for that pressure ; 
and during this change of state heat is absorbed which does 
not affect the thermometer, and hence, according to the 
definition, is called latent. Its value can be found only by 
direct experiment. Having this value of // for any sub 
stance, which, for distinction, call IIj (noticing that/* is the 
initial letter of fusioii)^ we may find 

%1 ^ li%Zi!i), (72) 

d p II J 

for which the rate of change of temperature per unit of 
pressure may be calculated. If the volume v, of the sub- 
stance in the initial, or solid state, exceeds that in the ter- 

d r 
minal, or liquid state, -y,, then will - — be negative, and the 

dp 
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temperature of fusion will be lowered by an increase of 
pressure, a principle first pointed out by Professor James 
Thomson {EdinhurgK Trans.^oi, XVI.). Water, antimony, 
cast iron and some other substances, are more bulky in the 
solid than in the liquid state ; and the melting point of all 
such substances is lowered by pressure. 

The latent heat of fusion of ice is 144 B. T. U., as deter- 
mined by experiment or 144 X 778 = 112032 foot-pounds; 
and this is the work which must be expended upon one pound 
of ice at 32° F. in reducing it to liquid water at the same 
temperature, which work is necessary to completely break 
down the crystalline structure of the ice. Conversely, it is 
the equivalent of the heat-energy which must be emitted 
from a pound of water and absorbed by surrounding objects 
■in changing water from the liquid to the solid state at 32° 
F. Solids, under a definite pressure, have a corresponding 
definite melting pointy or point of fusion. 

The following are some examples of the latent heat of 
fusion : 



SubBtancc. 



^V/\7 • • • • • • ■ • 

Zinc 

Sulphur 

Lead 

Mercury .... 

Tin 

Spermaceti . . 
Cast iron . . . . 



Melting point 
Deg. Fahr. 



Latent heat of fusion. 



B. T. U. 




144* 
50.6 

16.9 
9.7 
5.1 



Foot-pounds IIj, 

' 112032 

39367 

13148 

7547 

3968 



( 500 as given by Rankine. 
' 26.6 " " '^ Box on Heat, 
p. 13t 
148 (Rankine). 
46.4 (Box). 
233 as given by Clements. 



\ 
I 



♦ Pm. Mag,, 1871, XLI., 182. Peclet found 185, Person, 144.04, and 
144 appears to be the most reliable. 

t We have not determined which (If either) is correct. 
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If the specific heat of water were constant, 144 pounds of 
water at any temperature above 33^ F. would have its tem- 
perature reduced one degree in just melting one pound of 
ice at 32°. The mixture after melting would reduce the 
temperature a little more. 

The expansive force resulting from congealing water was 
well illustrated by Major Williams in 178t5, at Quebec, Can- 
ada, by filling an iron shell with water and driving an iron 
plug weighing over 2^ pounds into the fuse hole, and sub- 
jecting it to an out-door temperature of — 18^° F. ; when, 
upon freezing, the plug was fired out and projected over 400 
feet (Trans. Roy. Soc. Edinburgh, II., 23). 

EXERCISES 

1. If for water we have 

r = 492.66° F. 

v^ = 0.01602 cu. ft. per pound ; 

and for ice 

T = 492.66° F. 

v^ = 0.0174 cu. ft. per pound, 

and Ht = 112032 ; 

how much will the melting point of ice be lowered by a 

pressure of one atmosphei'e, 2116.2 pounds per square foot i 

(Use equation (72).) 

Ans. 0.0128° K 

0.0071° a 

2. Required the pressure per square foot necessary to 

lower the melting point of ice 1° F. 
We have 

dp Ilf 1120S2 

dr T (u, - r,) 492.66 X 0.1)0138 ^^'^ '™- 

In this exercise rf r is considered unity and rf p = 164784 ; or the sec- 
ond member may be considered constant and the left member integrated 

between limiU?, giving ^!_Z_E.'= 164784. Tlie notation of the preceding 
exercise may he treated in a similar manner. 
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3. If 1140 pounds pressure per square inch will lower the 
melting point of ice from 32° F. to 31° F., diminishing the 
volume of one pound 0.00138 of a cubic foot ; required the 
latent heat of fusion of one pound of the ice. 

Ans. 143.2. 

4. Required the external and internal work in melting ice 
at 32° F. at atmospheric pressure. 

The external work will be that done in lowering the atmosphere through 
a distance equal to the decrease of volume in changing the state of ag- 
gregation, or 2116.8 X 0.00188 = 8 foot-pounds, nearly. The total work 
will be 
by using the result in exercise 2, 

T^dv = 492.66 X 164784 X 0.00188 = 112082 ft. -lbs., nearly. 

d T 

From this it appears that the work is nearly all internal, and is more 
than 86500 times the external work. 

5. The pressure required to reduce the melting point of 
ice 1° F. being 164784 pounds per square foot when the ini- 
tial temperature is r = 492.66° F. ; find the diminution of 
volume of one pound in changing from congealed to liquid 
water. 

6. Required the pressure necessary to reduce the melting 
point of ice to — 18° C, assuming that the above formula 
is valid so far below 0° C. 

7. What is the highest temperature at wliich i(!e can e.vist 
indefinitely in a vacuum ? 

72. Experimental verification. Sir William 
Thomson, by a delicate and beautiful experiment, proved 
that the melting point of ice was lowered by pressure {Phil, 
Mag, (1850), III., XXXYII., 123). A delicate thermometer, 
constructed for the purpose, was enclosed in a vessel with 
water and lumps of clear ice and an air gauge for measuring 
the pressure. At atmospheric pressure the ice would not 
melt if below 32° F., but it was found that when the con- 
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tents of the vessel was subjected to pressure tlie thermome- 
ter fell as tlie water assumed the temperature of the melting 
]>oint of ice corresponding to the increased pressure ; and 
the observed results corresponded well with those calculated. 
Professor Mouason made the following experiment : A 
prism of steel, Fig. 32, was used, having a 
cylindrical bore 0.71 cent. (0.28 inch), closed 
at the lower end by a cojiper cone forced in 
by a strong screw, and the ujiper end by a 
long slightly conical copper plug o pressed 
down by a steel piston by means of a strong 
screw, and when in an inverted ]x>sition 
a small brass rod h was dropi>ed in and the 
FIG. 82. bore filled with water. After being exposed 

to cold at — 9.5° C. the protruding ice was 
removed, the eojjper cone inserted and screwed up, and the 
whole reversed and put into a freezing mixture at — 18° 
C, after which the npper plug was fort;ed in at a pressure 
roughly estimated at not less tlian 13250 atmospheres. "When 
the lower plug was removed the brass rod dropped out iiret, 
showing that tlie ice had been melted, jjcnnitting the rod to 
fall to the lower end. The pressure was more than five 
times that recpired by theory- to melt the ice, but the tem- 
jMirature at which it melted is unknown. 

73. It is natural to infer the oj>poaite principle — that the 
melting point of those substances which expand when fused 
will be raised by compression, and this principle has been 
verified by Mr. Hopkins {BcjK B. A. (1854), II., 56), as well 
as by others. In Mr. Hopkins's experiments the instant of 
fusion was determined by means of a small iron ball sup- 
ix>rted by the substance when solid, but which fell when the 
substance liquefied ; and when supported it deflected a needle 
which was suspended just outside tlie vessel, but the deflection 
ceased when the ball fell. The temperature was determin- 
ed by that of the oil in a bath in which the whole was im- 
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mersed ; and the effective pressure was taken as the half 
sum of the pressures which forced the piston inward and 
that required to just permit it to return to its initial position, 
thus elminating the effect of friction. 
The following results were found : — 



Preasare 


Melting points In degrees centigrade. 


Atmospheres. 


Spermaceti. 


vrtx. 


Sterrane* 


Solphnr. 


1 

538.4 
820.5 


51.1 
60.0 
80.3 


64.7 

74.7 
80.3 


67.2 
68.3 
73.9 


107.2 
135.3 
140.6 



The melting point of wax will be given nearly by the em- 
pirical formula 

t, = 64.68 + 0.0188^. 

M. Person gives the following empirical formula as the 
results of his experiments on the latent heat of fusion of 
non-metallic substances {Ann, de Chem, et de Phy%,^ Nov., 
1849). 

; = (c^ - c) (T + 256°) (73) 

in which 

c = the specific heat of the substance in the solid state. 
<J'= '' " " " " " liquid state, 

T = its temperature of fusion in degrees Fahr., and 
I = the latent heat of fusion of one pound in B. T. TJ. 
at the pressure of the atmosphere. 



EXERCISES. 



1. If the specific heat of water be unity, of ice 0.504, and 
the temperature of fusion, T, be 32° F., required the latent 
heat of fusion. 

2. If ice be subjected to such a pressure that it will melt 
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at 0^ F., find its latent heat of fusion, the law being assumed 
to liold good to that point ; and the amount less than at 
32^ F.' 

3. What must be the temperature of ice that there will be 

no latent heat of fusion, and to what pressure must it be 

subjected? 

Ans. r = - 256° F. 

Pressure = — — ~— - + 1 = 22500 atmospheres. 

0.0128 

If this could be realized tliere would be no mechanical distinction be- 
low this temperature between solid and liquid water. 

4. Assuming that experimental results may be used to the 
extent implied in the questions here given, find the increase 
of volume due to the fusion of spermaceti at 124° F. 

For the ratio oi dpio dr considered as finite, see the preceding table ; 
then we have 

Hi 148 X 778 



v« — f 1 = 



dp 537.4 X 144 

dr ^^ 140-124 



5. The latent heat of fusion of solid water at 32° F. being 
144 B. T. U. and its specific heat in tlie liquid state being 
unity, find its specific heat in the solid state. (Equation (73).) 

0. The specific heat of liquid water being unity and of 
solid water 0.504 at 32° F., find the latent heat of fusion. 

7. The specific heat of solid spermaceti being 0.32 and 
considering its latent heat of fusion as 46.4 B. T. U. at 
120° F., find its specific heat in the liquid state. (Equation 
(73).) 

74. Latent heat of evaporation. It is found by 
experiment that there is a definite boiling point for liquids 
corresponding to the pressure to which they are subjected, 
and from this condition they will pass into a vapor at that 
temperature and pressure. Hence, equation (71) is direct- 
ly applicable to this case, and indicating this particular latent 



[74] LATENT HEAT OF EVAPORATION. 96 

heat by 11^ {e being the initial letter of evaporatio?*), we have 

//. = r (^f ) (.,. - t,.), (74) 

and e/Ae = He- 

By determining the factors of equation (74) by experi- 
ment, the value of 11^ may be computed. M. Regnault de- 
termined the value of h^ directly for water at a series of 
boiling points from its freezing point to about 375° F., which 
may be represented with great precision by the empirical 
formula, in English units, 

//e = [1091.7 - 0.695 (T - 82) - 0.000000108 (T - 89.1)» ] X 778, (75) 

or in French units, 

i7e = r«06.5 - 0.695 T - 0.00000088 {T - 4)» ] 426.8. (76) 

{M/moire Acadernie des Sciences^ 1847. Trans, Roy. 
Soc.^ Edinhurgh^ Vol. XX.) 

In practice it will be suflSciently exact to use the follow- 
ing : — 

Ae = 966 - 0.7 {T ~ 212) 

= 1092 - 0.7 {T - 32) 
= 1114.4 - 0.7 T 

= 1436.8 - 0.7 r, B. T. U., (77) 

or its equivalent, 

//e = 751548 - 544.6 {T - 212) 
= 867003 - 544.6 T 
= 1117830 - 544.6 t, foot-pounds, (78) 
= a — J T. 

The latent heat of evaporation of some otlier substances 
is given in the Addenda. 

The exact value of the latent heat of evaporation of one 
pound of water at the pressure of one atmosphere, as found 
by Regnault, is 966.1 B. T. U. = 751624 foot-pounds. 
This is the work necessary to simply change water from its 
liquid state when at 212° F. under the pressure of one at- 
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mosphere to the condition of vapor at the same temperature 
and pressure. Since water in the form of steam occupies 
more space than as a liquid, the molecules must be farther 
apart in the former than in the latter state, andJience, with- 
out considering their exact condition in the two cases, it ap- 
pears that it requires 751624 foot-pounds of energj^ to sim- 
ply separate the rtiolecules of a pound of water sufficiently to 
produce steam. This amount of heat is absorbed and dix- 
appeara without affecting the temperature ; and tlie same 
amount reappears, or passes to other bodies, when it returns 
to a liquid at that pressure. 



Latent heat of evapontlon of one ponnd of certain sabstances at the praesure of 

one atmosphere. 



Sabfltance. 



Water 

Alcohol 

Ether 

Bisulphide of carbon 

Oil of turpentine 

Naphtha 



Boiling point. 
Deg. F. 



212 
172.2 

95.0 
114.8 
316 
141 



Latent hct. 



B. T. U. 



966.1 

364.3 
162.8 
156.0 
184.0 
236.0 



Foot-poQnd«. 



751644 
283425 
125658 
121368 
143152 
183608 



76. Vapor is any substance in a gaseous condition at 
the mcLxirnum density cansisteiit with that condition. If a 
vapor be in contact with the liquid, as steam in the Siime 
vessel as water, there is a certain pressure which is at once 
the least pressure under which the substance can exist in the 
liquid state and the greatest. pressure at which it can exist in 
tlie gaseous state at that temperature. Under such condi- 
tions the vapor is called saturated vapor (or saturated steam), 
and the pressure, Wxq pressure of saturation. If at the tem- 
perature of saturation the pressure be slightly increased some 
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of the vapor will be condensed until equilibrium be restored, 
and, conversely, if the pressure be diminished more vapor 
will be generated. To illustrate, if a cylinder containing a 
piston were placed directly over a steam boiler having one 
end open to the boiler, and the piston be forced inward, a 
portion of the steam would be condensed, and if the piston 
be drawn outward more steam would be generated — ^the tem- 
perature and pressure remaining constant while the volume 
varied. This is known as Dalton's law (Stewart on Heat^ 
p. 143). 

76. The relation between pressure and tem- 
perature of a vapor can be determined only by experi- 
ment, as has been done by Kegnault {Memoire de VAcade- 
mie des Sciences^ 1847; Comptea Rendus^ 1854). His 
results are represented quite accurately by the following 
empirical formula, given by Rankine, and first published in 
the Edinburgh New Philosophical Journal for July, 1849 
{PhU. Mag., Dec, 1854). 

cam. log p — A — ~z -^ za ^^^) 

where A^ B^ (7, are constants to be determined by experi- 
ment. That author remarks that this formula is sufficiently 
accurate for temperatures from — 22° F. to 446° F. From 

(80) we find 

1 

r = ' 



J A-Ugp B' B 
^ "^4 6" 'i.O 



(81) 



If = i> (I + ^) X 2.3026, (82) 

r 1^ = i, (|: + y:) X 2.3026. (83) 

The following are the values of the constants for the 
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vapor of water {saturated steam) for degrees Fahrenheit and 
pressures in pounde per square foot : 

A = 8.28203, logjB = 3.441474, log O = 5.583973. 

These values differ slightly from those given by Rankine, 
because he used r„ = 493.2° F., while here r^ = 492.66° F. 
Begnault's experiments also furnish the data for determin- 
ing the constants for Alcohol, Ether, Bisulphide of Carbon 
and Mercury. 

7 7 . Volume of vapor. From equations (74) and (83) 
we have 



dr 



JI. 



p(^ + ?^'j X 2.3026 

which for saturated steam becomes, equation (78), 

1117830 - 544.6 r 

^« - ^^ = —7B—¥C\ ——' (85) 

-P (- + -^J X 2.3026 

from which -?/•„ the volume of a pound of the steam, may be 
determined. It will be found hereafter that the volume of 
a pound of saturated steam at 212®, the pressure of one at- 
mosphere being 29.9218 inches of mercury, is 26.50 cubic 
feet, nearly, and the volume of one pound of water at its 
maximum density, 39.1° F., is 0.01602 cubic feet ; hence, a 
pound of saturated steam under the pressure of one atmos- 
phere occupies 1654 times the volume of one pound of 
water at its maximum density. This increase is illustrated 
by Fig. 33, in which the small square at the upper left-hand 
comer represents the volume of one pound of water, 
V, = 0.01602, and the entire large square the volume occu- 
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pied by the steam produced from it at 212° F., v^ = 26.58, and 
the large square 
minus the small 
one represents the 
increase of vol- 
ume in changing 
the water to va- 
|>or, v^ — v^. If 
the l)oiling point 
increases in tem- 
l^erature, the vol- 
ume of steam de- 
creases ; still with- 
in the range of 
ordinary practice 
the volume of 
water is so small "®- ^• 

compared with that of the steam generated from it, the former 
may be neglected, and we have with sufficient accuracy 




v^ = 



m 



dp' 



(86) 



78. Weight of vapor per cubic foot^ sometimes 
called the density of the vapor. Since a pound of the vapor 
occupies v^ cubic feet, the weight of a cubic foot of the 
vapor will be 

1 

t/7 = — 

V^ 

If L be the latent heat in a cubic foot of the vapor, then 

a T ' 



V3 = 






(87) 



which is the reciprocal of equation (84). 
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preBsnree, j>, and 
ilated by means of 
, according to tlie 
Hewing exercises 5 
rh may form a table 

of tliis volnme for 
Dm these reenlts the 
8 been conBtructed, 
I vohiniea per cubic 
>resBures per square 
ailed tha curve of 

to be 



:j££J 



If p, = U.7, V, = 26.59, 
and^ = 60, v = 7.100, then re = l.n«470 ; 
OT,p = 100, V = 4.403, n = 1.0fi5S37; 

or,^ = 160, V = 2.830, n = 1.065954; 

or,^ = 200, V = 2.294, n = 1.06551. 

Mean n = 1.06525; 
.'.pv''""' = constant, (8f>) 

or, p «i« = 484, (89) 

p being pounds per square inch and v cubic feet jwr pound. 

EXERCISES. 

1. Required the latent heat of evaporation of water at 

20° F., 60" F., 200" F., 400" F., and explain why it is less 
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at the higher te^nperatures. (Equation (78), or tables of 
^aturaied steam.) 

2. If Regnault's law can be trusted so far, find the tem- 
perature at which the latent heat of evaporation will be 

zero. 

Ans. r = 2062° F. or T = 1692° R, 

or about the temperature of the melting point of brass, 
above which there would be no difference between the 
liquid and vaporous forms. This is called the critical tem- 
perature^ and has been determined experimentally for some 
substances {Phil Trans. (1869), CLIX., 676). 

3. If the latent heat of evaporation of one pound of water 
at the melting point of ice could be utilized in projecting 
that pound vertically upward, how many miles high would 
it ascend in a vacuum, considering gravity constant, and 
g = 32.2 ? 

4. Through what height must a 100-pound ball descend 
in a vacuum so that its energy if entirely utilized for the 
purpose would just evaporate one pound of water at and 
from 212° F. 

6. Find the value of -S. for saturated steam at 212° F. 

d r 

If we resort to tables of saturated steam, we find that Rankine's Table 
VI. {Sleam Engine) is not suitable for this purpose, because the tempera- 
tures are for differences of 9' F. Several other tables give the pressures 
for every degree. From one of these we find that at 

Sir F., the pressure is 14.408 lbs. per sq. in. 

213" " " " " 14.991 ** *' " •* 
Hence, from 211" to 212" we have 

j^ = 0.290 X 144 = 41.76, approximately, 
from 212" to 213", we have 

j^ = 0.295 X 144 = 42.48, approximately. 
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the mean of which gives 

i^ = 42.18, 

which is nearer correct, but cannot be exact. To And the correct value 
directly, use equation (82), and we have 



2C 

r2M 

5.80580 
672.66 

* = 42.06, 
which is the value required. 



dp_ 2m.2 r B 2(7 l^ooQ^Q 

dr^ 672.66 1672.66 "^ (672.66)*J ^ ^'"^"^ 

= 2116.2 X 2.8026 X 



6. Find the volume of a pound of saturated steam at 
212° F., and the weight of a cubic foot of it. 
From equation (84) we have 

a r 

Water increases in volume 0.04775 per unit from that at its 
maximum density to 212° F. ; hence, 

V, = 0.01602 X 1.04775 = 0.01608 = 0.017 

with sufficient accuracy. 
Then 

-> = ^-^^17 + 67y66x42'o6 = ^6.581 cu. ft, 



and 



^ = - = 0.03762 lbs. per cu. ft. 



(Eankine gives the following empirical formula for the vol- 
ume of liquid water at any absolute temperature. 

/ r 500\ \ 
If steam followed the law of perfect gases, we could now 
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find the volume of a pound of it at any temperature. For 

we would have 

p^ 2116.2X26.5 

^^-T- 672766 -8^-^^' 
.•.'y = 83.37 J- (Sy«) 

7. Find the volume of one pound of saturated Bteam at 
1200° F. 

8. Find the volume of saturated steam at 212° F. gener- 
ated from one cubic foot of water at its maximum density. 

If «, = 26.6, as in Exercise 6, then will the required volume be 1659 
cubic feet. Heretofore writers have used Rankine's results, giving 1644 
or 1645. Observation has not fixed the excust value. 

9. Find the external and internal work in changing one 
pound of water into steam at and from 212^ F., and their 
ratio. 

The volume of one pound of steam will be va = 26.585, 

•• water at 212^ F.. Uj = 017, 



(< tl tl n »t 



t>, - Ui = 26.568. 
The entire work will be 

r ^£ (v, - V,) = 672.66 X 42.06 X 26.568 = 751672. 
** ^ 966 X 778 = 751548. 

These results should be alike, and would be if all the fractions were 
correctly determined. 

The external work consists in forcing the pressure of one atmosphere 
through 26.568 feet, or 

2116.2 X 26.568 = 56210 foot-pounds, 
which deducted from the former, gives 

751672 - 56219 = 695458 foot-pounds 

for the internal work ; hence, the internal work will be 

695458 ^ j2 3^ 
56219 

times the external for the conditions given in the problem. 

78^. Isothermal of a liquid, its vapor and its 
gas. 
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To illustrate, conceive that one pound of the liquid is 
subjected to an immense pressure at some moderate tem- 
perature, r,— say 212° F. Let Aj Fig. </, 
represent tins state, the ordinate to which 
Avill represent the pressure, and the ab- 
scissa the volume. Let the pressure be 
gradually removed while the tempera- 
ture is maintained constant— the volume 
will increase slightly and the path of the 
FIG. d, flnid may be represented by A J?, the 

abscissii of £ exceeding that of A. 
Let JS be the state at which the liquid will boil at 
the temj)erature r; then at that pressure the volume 
will increase, the temperature remaining constant, and 
B C will represent the path. At C let the pound be 
entirely vaporized and the pressure gradually removed, while 
the tenqiemture, r, is maintained constant ; then will the 
path be the isothermal C r. The entire broken line A B Cr 
is an isothermal of the fluid. Let the operation be I'e- 
peated at a higher temperature — the boiling point will be 
reached at a state above and a little to the right of B^ so that 
a curve F E passed through such points may be called the 
locus of holllng points. Continuing the operation as be- 
fore, and the state at which the pound will be evaporated 
will be represented by a point above and to the left of (\ 
and the curve traced through all such points will be the 
curve of saturatwn E C G^ already described. These 
curves will meet at some point if, and the temperature of 
that state is called the critical temperature, 

79. An experimental determination of the 

density of saturated steam, was first made by Fairbaim and 
Tate in 1860 {Phil. Tram. (London), CL., (1860), 185; 
CLIL, (1862), 591). The densities as thus found differed 
from those previously found by Rankine from ^^ to -j^ of the 
experimental values, thereby giving larger values above 242° 
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F., and below some were larger and others smaller than the 
experimental ones {Miscellaneous Scientific Papers^ p. 423). 
In these experiments, the steam was in a statical condition, 
while in Regnault's experiments the steam was in rapid mo- 
tion from the boiler to the condenser — diflEerences of con- 
dition which would naturally affect the results. The proper 
value of J would also affect the result ; but the results ob- 
tained by the two methods agree as nearly as one might ex- 
pect under the circumstances. Eankine's Tables are in his 
" Prime Movei-s," and those of Fairbaini and Tate, above 
the pressure of one atmosphere, are in Richard's Steam In- 
dieato)\ Weisbach on the Steam Engine^ and other works. 

The apparatus employed by Fairbaim and Tate for deter- 
mining the temperature of saturation consisted of two glass 
globes connected by a bent tube below them. The tube was 
filled witli mercury, above which in the globes was the 
liquid, one containing more than the other, then the globes 
and tube were placed ijiside of a small boiler containing the 
same liquid, and the whole heated. So long as the steam is 
saturated the mercury in the tube will remain stationary, but 
the instant that the smaller volume of water is all changed 
to vapor (some water still remaining in tlie otlier), the mer- 
cury will rise in that end of the tube nearest the globe in 
which all the water has been evaporated^ as 
after that, that steam becomes superheated, 
and the rate of increase of pressure is greater 
for saturated tlian.for superheated vapor. At 
the instant of change the volume of the 
steam will be the volume of the space above oo 

* PIG. 38a. 

the mercury, and the temperature and pres- 
sure of the steam in the globes will be the same as that in 
the boiler, and hence may be readily measured. 

80. Measurement of heig^hts. The principles 




* Th^rU Mecaniqvs de la Ckaleur, 8«- Sd, (1875). II. 
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here discussed furnish the means of determining altitudes. 
Thus, if at any point on a hill or mountain the temperature 
of boiling water be ob8er\-ed, the pressure of the atmosphere 
at that place and time may be computed by means of equa- 
tion (80), then will the height above the level of the sea be 

A = 60346 log ^ feet, (90) 

in which p^ is the pressure of the atmosphere at sea-level, 
2116.2 pounds per square foot. If p^ be the pressure at 
another station, the difference in elevation will be 

h' = 60346 %..|i. 

(See the author's Elementary Mechanics, p. 328.) 

8 1 • Sublimation consists of a change from the soUd 
to the vaporous state without passing through the liquid 
state. Experimental data in regard to this change are want- 
ing, so that we are unable to make use of any analysis rep- 
resenting this change. 

82. Evaporation without ebullition. Experi- 
ment indicates that evaporation takes place at all temperatures 
for a great variety of substances, if not for all. Snow^nd ice 
evaporate at temperatures below freezing, and many solids 
emit suflScicnt vapor to be detected by the sense of smell. 
The evaporation of water in the atmosphere is the most im- 
portant part of this subject. Water is elevated in the form 
of mist in the atmosphere, forming clouds, by which means 
water is redistributed over the earth. Evaporation takes 
place at the surface of bodies of water and is unaffected by 
the conditions below, except so far as they modify the sur- 
face. It is generally greatest at higher temperatures, al- 
though other conditions modify this law. It is modified by 
the hygrometrical conditions of the atmosphere, and is greater 
during a wind than during a calm. It is greater during 
summer than winter, and generally greater during June and 
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July than for any other months of the year, but it is some- 
times, though rarely, greater during August than for any 
Other month. It is greatly affected by locality, there being 
sometimes a difference of several inches within a few miles. 
It has been observed that one half an inch in depth has been 
evaporated from a large pond in twenty-four hours in lati- 
tude about 42° north, but this is an extreme case. The 
amount is also very different for different years, the maxi- 
mum exceeding the minimum by more than fifty per cent. 
Twenty to thirty-five inches of evaporation per year is very 
common, in which cases the amount 
for June would range from about 2.8 inches to 5.4 inches, 

" July " " " " 3.0 " " 5.8 " 

" August " " " " 2.3 " " 5.3 " 

It is recorded that in July, 1875, neajr Boston, the evapo- 
ration was 7.21 inches. (Much valuable information on this 
subject was collected and published for the use of the court 
in The Case in the Supreme Court of the State of New 
York — General Term — Fifth Department — ^f or an Applica- 
tion by the City of Rochester to acquire certain rights to 
draw water from Hemlock Lake, Vol. II., about 1884, 
Also certain Transactions of the American Society of Civil 
Engineers, New York, particularly a paper by Mr. D. Fitz- 
gerald, Transactions, Yol. XY., 581, (1886).) 

83. Assume the pressure and Tolume both 
constant during the absorption of heat. These conditions 
make dp = <?, and dv =^ o^va equations {A) \ hence, 

dH= K,dr ^ K^dx\ 

Strictly speaking, these conditions are realized for only a 
few exceptional cases, as water at its maximum density. 
Generally, the volume changes during the absorption of 
heat under constant pressure, but for solids and liquids, the 
change 6f volume under constant pressure, and of pressure 
at constant volume is so small they may be considered as 
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constant, and more especially so when it is considered tliat 
the work due to these changes for these conditions is usually 
very small compared with the energy expended in making 
the substance hot. If C be the mean specific heat of a solid 
or a liquid for a large range of temperatures, we have prac- 
tically, 



Av = An 



C. 



Tables of specific heats of solids and liquids give values 
for Conly. 



Specific heat of a few solids and liquids. 



SabsUince. 


Specific heat 
C. 


Aitthority. 


r 

VV^rought iron 

Cast iron 

Co])per 


0.11379 

0.12983 

0.09511 

0.504 

0.320 

0.622 

0.20259 


Kegnault. 


zi ^I'r"^* 

Ice 


Person. 


Spermaceti 

Alcohol 


Irvine. 
Dalton. 


Sulphur 


Eegnault. 





84. Mechanical mixtures may produce a change of 
tlie state of aggregation, as when warm water melts ice. The 
general equations of thermodynamics are discontinuous for 
such cases ; but having determined expressions for the heat 
absorbed by fusion and evaporation, we may write an ex- 
pression for the heat absorbed in passing from the solid to 
the gaseous state. Thus, let r?, be the specific heat of the 
substance in the solid state, e^ of the liquid, <?, of the vapor, 
V) the weight of the substance, T^ the temperature of the 
melting point, T, of the boiling point, T' the initial and T' 
the final temperatures ; then will the heat absorbed in passing 
from a temperature jT' below freezing to T'* above boiling be 

A=7^[r',(7;-r)+Af+^,(r.-7;)+Ae+^,(^--^,)],m) 

which for one pound of water at the pressure of otie atmos- 
ohere. becomes 
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h = 0.504(32 - r') + 144-f 180 + 966 + 0.48(7^ - 212°) 
= 1204.4 - 0.504 T + 0.48 T (92) 

= 1200 + 0.5 {r - T), nearly. 

EXERCISES. 

1. Required the temperature after mixing 3 pounds of 
water at 90° F., 10 pounds of alcohol at 30° F., and 20 
pounds of mercury at 60° F. 

2. Required the temperature of a mixture of 3 pounds of 
ice at 10° F. with 12 pounds of water at 60 F., after the ice 
melts, there being no loss of heat. 

3. Required the resultant temperature of a mixture of 6 
pounds of ice at 20° F. and one pound of steam at 225° F. 

Here 

0.504 X 6 X 12 + 864 + 6 (< - 82) = 0.48 X 18+ 966 + (212 - 0- 

4. Desiring to determine the approximate temperature of 
the gases at the base of a chimney, a mass of iron weighing 
8 pounds was placed in them, and after remaining a con- 
siderable time was removed and submerged in 100 pounds 
of water at 50° F., when it was found that the temperature 
of the water was raised to 55° F. ; required the temperature 
of the gases. 

We have, nearly, 

4 X 8 (< - 55'') = 1 X 100 X 5 ; 
. • . « = 617* F., nearly. 

5. How many pounds of water at 200° F. vnW be neces- 
sary to reduce one pound of steam at 212° F. to water, and 
leave the final mixture of water 212° F. 

6. Required the temperature of a mixture of one pound 
of ice at 32° F., one pound of water at 32° F., and one pound 
of steam at 212° F. 

Proceeding in tbe ordinary way, we have 

144 + 2 (< - 82) = 966 + (212 - Q ; 
. • . « = 866° P., 

an absurd result, since the mixture would have a higher temperature than 
that of the hottest bulMiuncu. 
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The proper explanation la— only a part of the steam was condensed pro- 
ducing water at 212'' F. By a sufficient pressure, however, it may all be 
reduced to water. 

7. In the preceding exercise how much Bteam was con- 
densed forming water at 212° F. and how much steam re- 
mained uncondensed ? 

8. Required the resultant temperature of a mixture of 5 
lbs. ice at 28° F., 20 lbs. 11^0 at 60° F. and 1 lb. steam at 
212° F. 

9. A mixture of i pounds of ice at 32° — ^„ x pounds of 
water at 60° F. and % pounds of steam at ^° F., produces a 
temperature of T° F.; required a?, and discuss the result 

We have 

0.604 % U + 144 » + i (7 - 32) = /(say), 

0.48 % (r, - 212") + 966 « + »(212 - T) = /». 

a?(r- 60)= W\ 

Now assume that 

/» = / ; i8^ > i and r > 60 ; 
8 >l T = eo ; 8 > I, T < eO° (impossible), 8 <I, T <eO\ &c. 

10. How many pounds of water at 212° will be necessary 
by mixing with 5 pounds of alcohol at 40° F. to just make 
the latter boil under a pressure of one atmosphere ? 

85. Total heat of evaporation is a conventional 
term to indicate the heat absorbed in raising a liquid from 
a fixed temperature in the liquid state to the boiling point 
and evaporating it at the latter temperature. It is the sum 
of the sensible and latent heats above the Jixed temperature. 
It is also called t/ie total heat of the vapor^ and in reference 
to water the total heat of steam. To find it, we use the first 
of equations {A), or 

in which the first term of the second member is to be in- 
tegrated from r, to r^, while the second term of that mem- 
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ber is zero, during that operation, and then the vahie of the 
last term is found while r, remains constant, and hence is 
ZTe, the latent heat of evaporation. The total value of // 
will be the sum of these values ; hence, making K^ ■=■ G^ 
the dynamic specific heat, we have 

jy = (7 (r, - r J + //... (93) 

The lower ^(?rf temperature is that of melting ice, unless 
otherwise specified ; hence, in English units 

T, = To 

T, = T, + r - 32% 

where T is the temperature on Fahrenheit's scale, and 

H= C7(r-32) + //e, (94) 

and for water C = 778, and substituting the value of //„ 
(page 96), we havfe 

H = 778 [1091.7 + 0.305 {T - 32)] 
= 849342 + 237 (T - 32) 
= 841758 + 237 T, (95) 

By means of this formula a table may be computed that 
will give the " total heat of steam" above the melting point 
of ice. 

86. Evaporative power. — If the temperature at 
which water is fed to a boiler be T^ F., the foot-pounds 
of heat which must be supplied in order to evaporate it 
will be 

H = 778 [1091.7 + 0.305 {T - 32) - (T, - 32)]. (96) 

In determining the efficiency of a boiler, or the amount 
of water evaporated by a pound of fuel, it is customary to 
reduce tlie amount of evaporation which actually takes 
place yram the temperature of the feed water at the temper- 
ature of the steam to an equivalent amount at and from 
212° F. (100° C). In the latter case 966 heat units are 
absorbed, and making this the unit of evaporative power, 
the evaporative power in any other case will be, nearly. 
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1092 + .3 (r - 32) - (T; -- 32) 

966 

0.3(^-212)4- (212- T,) 



= 1 + 



966 



a form due to Rankine, who properly called the expression a 
factor of evaporation. By assuming a series of values for 
T and T„ a table may be formed of the factors by means of 
which the given conditions may readily be reduced to that 
of the above unit^ and the actual evaporative power will be, 
in foot-pounds, 

778 X 966 X tabular number. 

The preceding expression reduces to 

148.4 + 0.3 r - t; 



1 + 



966 



(97) 



by means of which the following table has been computed. 



Factobs of Evaporation. 



• 


Initial temperatare of the feed water, T^ degrees F. 


Boiling 




point. 


( 








1 1 ! 


7*F. 
























40 

1.18 


00 

1.15 


80 

1.13 


100 
1.11 


1.09 


140 

1.07 


100 
1.05 


18D 
1.03 


SOD 

1.01 


Hi 


212 


1.00 


230 


1.181.16 


1.141.121.10 


1.08 


1.001.04 


1.02 


1.01 


250 


1.191.17 


1.15 


1.121.10 


1.081.061.04 


1.02 


1.01 


270 


1.191.18 


1.15 


1.12!l.l0 


1.081.061.04 


1.02 


1.02 


290 


1.19|l.l9 


1.16 1.141. 12:1. 10]1. 071. 04 


1.031.02 


310 


1.201.20 


1.161.14 1.121.10 


1.081.05 1.041.03 


330 


1.211.21 


1.171.151.131.11 


1.0911.071.05 


1.03 


350 


1.2211.21 


1.19i.l7|l.l5 


1.12 


1.10:i.08l,061.04 


370 


1.231.21 


1.191.171.15 


l,121.1o;i.081.06il.04 


390 


1.24;i.22 


1.19,1.171.151.13 


1.111.091.07 


1.05 


410 


1.241.22 


1.201.18'l.l61.14 


1.121.10,1.08 


1.06 


430 


1.241.22 


1.21 


1.19 


1.17 


1.15 


1.13:1.111.09 

1 


1.07 
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87. Superheated steam. — When the temperature 
of a vapor for a given pressure is higher than the boiling 
point for that pressure, the vapor is said to be superheated^ 
and is sometimes called " steam gas." Vapor may be super- 
heated by separating it from its liquid and subjecting it to 
a still higher temperature. Let the vapor be generated at 
T, degrees and afterward heated to r, degrees, then will the 
heat absorbed above r j degrees be, 

/r= iT. + r^K^ rf r = iZ; + iTp (r, - r,). (98) 



■f- 



If the vapor be steam and H^ be generated at T^ = 82° 
F., we have 

H = 849342 + 373 (T, - 32) 

= 778 (1091.7 + 0.48 [T^ - 32)). (99) 

Superheated steam is dryer than saturated steam at the 
same temperature. 

EXERCISES. 

1. If one pound of coal will evaporate 10 pounds of water 
at and from, 212°, how many pounds would it evaporate 
from 80° F. at 310° F. ? 

2. If, when the feed water is at 32° F. and the boiling 
point at 410° F., one pound of coal evaporates 7 pounds of 
water, how much ought it to evaporate at and from 212° 
F.? 

3. Experiment proves that one pound of good coal, com- 
pletely burned, will develop 14500 heat units (B. T. U.), 
how many pounds of water could one pound of such coal 
evaporate at KSiAJrom 212° F. if all its heat of combustion 
were utilized for that purpose, under the pressure of one 

atmosphere ? 

Ans. 15.0 lbs. 

4. Under what physical conditions could one pound of 
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such coal as mentioned in Exercise 3 evaporate 20 pounds 
of water ? 

6. If the feed water be 32° F., what must be the tempera- 
ture and pressure that the " factor of evaporation" shall be 
2.0? 

6. Find the B. T. U. required to produce one pound of 
saturated steam at 212° from water at 32° ; and steam gas 
at the same temperature from the same water, and compare 
the results. 

7. Compare the ^^ total heat" of steam gas and of saturated 
steam at 428°. 

88. Free expansion of gases. When the exter- 
nal pressure is much less than the expansive force of the 
gas during expansion, the expansion is said to h^free. This 
principle has been used for determining the difference be- 
tween the absolute zero of the perfect scale and that of the 
air thermometer. When a gas rushes freely from a vessel 
under pressure into another of lower pressure, the only work 
done will be that of the friction through the passage and 
among its own particles, which process will generate heat ; 
but during the expansion in the second vessel the gas will be 
cooled, and if there were no transmission of heat to or from 
external bodies and the gas y^ere^ perfect the final temperar 
ture should be the same as the initial. 

Joule made an experiment upon air, by immersing in a 
vessel of water two other vessels connected by a pipe, one 
of which was filled with air at 22 atmospheres and the 
other exhausted of air; after which, by opening a stop- 
cock in the connecting pipe, the air rushed from one 
vessel to the other, but no apparent change of temperature 
waB observed {PhU. Mag. (3), (1845), XXVI., 376). M. 
Him, in 1865, made a more delicate experiment for the 
same purpose, but without detecting any change in tempera- 
ture {TheoHe Mecanigue de la Chaleur^ 3*"% I., 298). 

Sir William Thomson in 1851 executed a much more 



[9^1 FBEX EXPANSION OF OASES. 115 

delicate experiment. A porous plug, composed of a bunch 
of fine silk — or, in some cases, of cotton — was inserted in a 
long tube, and the difference of pressures on either side 
was regulated bj the amount of silk or cotton in the plug. 
The air was forced through a box with a perforated cap 
stuffed with cotton-wool, so as to prevent fluctuations, and 
this pump was worked some time, so as to secure steady 
action before records were made. The pressure and tem- 
perature were kept nearly constant during the experiment. 
The part of the tube beyond the plug was immersed in a 
vessel of water, observations upon which determined the 
amount of cooling (Thomson's MatherruiticaZ Papers^ pp. 
333-455; PhU. Mag. (1852), (4), IV., 481). Since heat 
will generally be abstracted, H will be negative, and the 
second of equations {A) becomes 

dv 

Tx 



— d JE[= K^dr -- '^ -j-^^V^ 



Adding and subtracting v dp^ we have 
— dH^K^dr-^ (r^ *o\ dp — v dp; 

.■.H = K,{r,-r,)+f(^rp^-v)dp-\-fvdp. (100) 

considering ^ as constant. 

But integrating v dphy parts, between the limits oip^ v, 
and Vj jp„ gives 

JP^' vdp-^p,-- v,p, +fj^^'P d V. 

The last term would be negative if the order of the limits 
were reversed. But the work done upon the gas in forcing 
it through the plug will be nearly the external work for the 
sensibly perfect gases ; or 

and substituting these in equation (100), gives 
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/("" tI - *) ^i' = ^p <'• - ^0 + ^.i'. - «'.i'.- (101) 

But this cannot be reduced, since r depends upon tlie 
zero of the perfect scale, which we do not know ; we, how- 
ever, know by experiment that it is not far from the zero of 
the air thermometer ; hence, if ^ be the temperature from the 
absolute zero of the air thermometer, we have from equa- 
tion (2) 

-y = —J" = Hy very nearly ; 

' dt '^ 1>' 
Jit 

P 

dv d V 
. 'dTr^Tt' ^^^ ^^^^7' 

r, — r, = ^, — ^„ almost exactly, 

for the range of temperatures in an experiment, and con- 
sidering the specific heat as constant, or K^-=- C^\ these 
will reduce equation (101) to 

*^ = ^ H ^' (102) 

which shows that the absolute zero of the perfect scale is 
lower than the zero of the air thermometer. 

89. The absolute zero, found by experiments upon 

air, oxygen and nitrogen, by the aid of equation (102), has 

a mean value of 

492.66^ r. = 273.7° G. 

below the melting point of ice (Thomson's Papers^ p. 392), 
while the zero of the air thermometer is 491.13° F. below, 
so that the absolute zero is about 1.53° F. below that of the 
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air thermometer. The difference is so small compared with 
the distance from the melting point of ice as to render it 
probable that the approximation is very close, supposed to 
be within -^ of the exact value. 

Specific Heat. 

90. General expression for specific heat. 

The first of equations (A) gives 

lf=^.+'(rO(r:)- (i«') 

which is a general expression for the sp. heat of any sub- 
stance at tlie volume v and temperature r, the path of the 
jhiid being arbitrary. Unless otherwise stated, the path is 
assumed to be either parallel to, or perpendicular to, the 
i>-axis, giving rise to the conditions j[? constant or v constant ; 
hence, dp •= o or dv = o, which in equations {A) give the 
respective equations 



dB\ _ 



I Am _ 

Ur/p- 



= K, 



rj 



K^ 



as previously established in Articles 38 and 39. 

91. Specific heat at a change of state of 
Agrgregation. It has been shown that for fusion, evapo> 
ration and sublimation the change of state takes place at a 
fixed temperature corresponding to a given pressure for 
each substance ; hence, for these cases we have 

dr = 0ydH=.2i, finite quantity ; 

.-.^, = ^=00, (104) 

similarly, 

ir, = ^p ^ i? = 00 ; 

or ^ specific heats at the cham^e of state are infinite. 
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9!3. Modified expression for the specific iieat. 

The specilic lieat of substaucea wliich ai*e capable of a large 
expangion — conceived to be indefinitely large — admit, ac- 
cording to the theoretical views of Kankine, of being ex- 
pressed in two parts — a constant and 
a variable part. To phow this, let J, 
Fig. 34, be the initial state of one 
ponnd of the substance, he slu isother- 
mal for the substance, c rf a consecutive 
isothermal, JCy the specific heat at the 
volume Vy Ky^ the specific heat at the 
volume v". From the state h let the 
temperature be increased d r, thus in- 
creasing the pressure an amount h c ; from the state c ex- 
pand it, doing the external work v o dv'^9X d abstract heat, 
so as to reduce the temperature d r, reducing the pressure 
to v'' e^ thence compress it isothermally to J, doing work 
v" ehv upon the substance, then will the resultant external 
work be 




no. &4. 



hcde 






djpdv'j 



and, according to the second law, omitting the parentheses 
indicating partial differentials, 



area m^be m 



Jv 



m,c d m^ = {t r{- d T 






p 

d{jp^dp) 
dr 



dv 



^^ I ^^^+^ / 5?^^^+^^ / rff ^^+^^ / ^^^' 



Also, 



m^i cm^ = £^y d r, 
m^edm^^ K^' dr; 
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And, 

m^b c m^-}- m^ c d m^ — m^bem^ — m^edm^ = bode; 

hence, substituting and reducing. 



Jo' ^ ^ 



Removing v'^ indefinitely to the riglit, we have v* = (» , 
and then K^- becomes K^ , which, according to a theory of 
Bankine, is constant for a constant state of aggregation, 
according to which the preceding equation becomes 

K^=C+r ri^)dv, (105) 

in wliich the last term is the rate at which the internal work 
is done at the volume v and temperature r, due to a change 
of temperature. It may be found more directly from equa- 
tion (67) by diflferentiating it, considering r as the independ- 
ent variable, giving 

and dividing by rf t gives the heat doing internal work per 
unit of temperature, which is the same as that above when 
the corresponding limits are assigned. Equation (105) being 
the specific heat at the volume v and temperature r, we 
have, for the heat absorbed at constant volume^ 



(106) 



/r= fx^dr = <7(r. - T,)+ P rr^^drdv, 

the last term of which may be integrated when the equa- 
tion of the gas is given. 

Similarly, if p and r be the independent variables, we 
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would find 

K,= C^R- ^r[^\ dP^ (107) 



P 



and for an increase of temperature r, — r„ the heat absorbed 
at constant pressure would be 

E=J'K,dr={0+Ji)ir,-T,)- f^J^ri^^drdp. (108) 

93. The apparent specific heat is the total heat 
absorbed by unity of weight in producing an increase of 
temperature one degree, and includes that necessary to 
make the substance hot as well as that doing the internal 
work, and also the external in the case of constant pressure. 
It is represented, for expansible gases, by the second mem- 
bers of equations (105) and (107). 

Ths real specific heat is that part of the apparent specific 
heat which directly makes the substance hotter. It is rep- 
resented by C in equation (105), and (7-+- -ff in (107), and is 
called actual energy. 

The apparent specific Tieat is the sum of the actual and 
potential energies in the particular specific heat. Equations 
(105) and (107) are the dynamic specific heats, and to find 
them in ordinary units they must be divided by «/. 

The theory of Rankine, referred to above, is '' The real 
specific heat of each substance is constant at all densities so 
long as the substance retains its condition, solid, liquid, or 
gaseous" {Prime Movers^ p. 307). The correctness of this 
theory has been questioned by Clausius, and in one place 
Rankine says "it is j^roJaJZy constant" {ibid.y p. 250). The 
theory is useful in showing the different effects probably 
produced by the absorbed heat ; but it is of no service ex- 
cept in expansible gases, and cannot be used in those cases 
except where the equation of the fluid is known — «ind it is 
known for only a few substances. 
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EXERCISES. 

1. Find the specific heat at volume v and temperature r for 

the gases represented by the equation^ t; = Hr 

We have 

r a 
p =R -5» 

^ V Ttr 



\dT J « ' T t>« 



, 2a 



T D' 



/^ <?p , 2a /^ dff 2 



a 

V 



From this result it appears that the specific heat at constant volume 
decreases as the temperature Increases, for A\ gases represented by the 
above equation, and approaches (7 as a limit 

2. Find the heat necessary to raise the temperature of one 
pound of the gas of the preceding exercise from r, to r, at 
the constant volume v. 

Equation (106) becomes 



-(<'+.-^.)"--> 



2 a 
From this it appears that is the mean specific heat between u 

and Tu 

3. Find the heat absorbed by one pound of CO, in rais- 
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ing its temperature from 500° F. to 600° F. at the volume 
8.5 cubic feet. 

From equation (6), page 18, we have 

i? = 85, a = 481fi00, 

and the preceding equation gives {C being 182), 

H=:(m + ^^ ) 100 = (182 + 0.377) 100 

= 18888 foot-pounds. 

It will here be observed that the term due to internal work is very small 
compared with the actual energy, and may properly be omitted, especially 
when we consider in addition thereto that it is less than the errors of ob- 
servation determining the number 182. 

4. Find the apparent specific heat of the gases represented 
by the equation p v =- Rr. (Use equations (105) and 

(107).) 

94. Oeneral expression for the difference of 
specific heats. 

In equation (103) the left member is the specific heat at 
constant pressure, if p be constant ; hence, 



'. = ^- + ' g^) (tI) 



To make this more apparent, use both of equations (^), 
which are 



dH=K,dr + r{^^\dv, 



dH = K^dr^ri^^)dp\ 
subtracting, gives 

» = (^. - ^■) <" - [' (H) <"- + ■' (v-:) <'^]- 

In Figure 35 let A r and B Che two consecutive isother- 
mals and A h the path of the fluid, A B perpendicular to the 
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axis of volumes, A C parallel thereto, then, as shown by equa- 
tion (20), will 

r { — - j dp = m^bCm^; 

in which dv in the former expression 
is the abscissa of h from A=Aa, 
and djp = ab in the latter is the or- 
*dinate of h from AC. li dv in the 
former be made the abscissa of O in reference to A, that is, 

dv = AC, then would r (-^) dvhe the area 7n^ B G m^, 

which is the sum of the two preceding expressions, and 
hence the value of the expression in the [ ] of the former 
equation. To indicate that d v extends thus far, it is nec- 
essary to express v aso. function of r, since it will be limited 
by two isothermals, and will be written thus : 

then 

which, substituted, gives 

^. - ^- = ' (U) (^). w 

as before. 

In solids and liquids it is difficult to find the variation of 

pressure with temperature at constant volume, ( -jJ- ) , and 

\d t /» 

that factor may be eliminated as follows : — 
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But for V constant dv = o; 

(~) 

• ^= \dr/ 
' dr fdv^y 

Up) 
which in (109) gives 

^p-^v=-r^, (110) 

\d2)) 
an expression equally true for gases. 

EXERCISES. 

1. Find the difference between the specific heats of a per- 
fect gas, the equation being j? v = li r. (Equation (109) 
or (110).) 

2. Find the difference between the specific heats of a gas 

whose equation is^t; = R r — 

TV 

Ana. K,-K, = ^-(p + ^^) {IP^±13). 
p ^ TY ^ rv J \rpv — a J 

3. Find the difference between the specific heats of car- 
bonic acid gas at the melting point of ice at the pressure of 
one atmosphere. 

4. Find the difference between the specific heat of water 
at constant pressure and at constant volume when at its 
maximum density. 

It is at its maximum density under the pressure of one atmosphere at 
the temperature of 89.1** F., and at this state 

5. Find the difference between the specific heats of water 
at 39° F. and 77° F. under the pressure of one atmosphere, 
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the coefficient of expansion at 77° F. being 0.00014 of its 
volume per degree, and the coefficient of compression being 
0.000046 of its volume for one atmosphere. 

The vohime of one pound of water at maximum density being 0.016 
cubic feet, we have 

5 



(^- y= (0.016 X 0.00014)« 



10'« 

Assuming t];at the ilite of expansion for 88** (= 77 — 80) is uniform, 
tlie volume at 77' F. will be 

0.016 -h i X 0.016 X 0.00014 X 88 = 0.01605, nearly ; 

hence, for a pressure of one pound per square foot we have 

0.01605 X 0.000046 850 



[dpj^ 



2116.2 ~ 10" • 

,\K^-K^= 587.6 X jh = 7.68 ; 

. • . <jp — (j^ = 0.0099. 

A similar computation at 122'' gives 

Cp -c^ =0.0860. 

Adopting Regnault's values for the specific heat at constant pressure, 

we find 

^, ( c = 1.0000 
at 89* J ^ 

le^ = 1.0000 

at 77 -^ p 

^9917 



lc, = 0.i 

c.^=l.( 
1 c^ = 0.1 



c. = 1.0042 



It will be observed that while the value of e^ increases with the temper- 
ature c, decreases, and hence the difference increases more and more a? 
the temperature increases. The exact numerical results here found are 
not to be relied upon, but they are approximately connect, and indicative 
of a general law. 

6. Show, both analytically and geometrically, that the 
specific heat for constant pressure exceeds that at constant 
volume. 

-T-^ d V disappears for gases 
whose equations (if any) are p v =^ H t -^ tp {v). 
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95. Water is the only substance whose specific heat has 
been accurately found for a large range of temperatures. 
According to Regnault's experiments, there is a small increase 
in the specific heat with every increase of temperature above 
32° F., but according to the very accurate experiments of 
Professor Rowland, the specific heat of water decreases from 
4° C. to 27° C, and may be approximately represented by 
the empirical formula 

t? = 1 - 0.00052 (^ - 4) + 0.000003 {t - 4)", (1 1 1) 

in which t should not exceed 30° C. 

Rankine's formula for representing Regnault's exjieri- 
ments is 

= 1 + 0.000000309 {T - 39.1)* (Fah.), (112) 
= 1 + 0.000001 {t - 4)** (Cent.). 

M. Bosscha represents Regnault's experiments by the 

formula 

c = 1 + 0.00022 t (Cent). (113) 

When the law of the specific heat is known, the number 
of thermal units absorbed in raising a pound of the sub- 
stance from Tj to T^ degrees will be 



h = j e a 



and the mean specific heat will be 

h 

96. Another form of the general equation. 

Substituting the value of K^^ equation (105) in the first of 
equations (A) gives 

dn^ C dr-^r r ^^drdV'^ry^^d'O. (114) 

•Zoo 

♦ Tram, R. S. K, XX. (1851), 441. 
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This is analyzed by Rankine as follows {Prime Movers, p. 812) :— 

" I. The variation of the actual heat of unity of weight of the fluid 
Crdr. 

** II. The heat which disappears in producing work by mutual molec- 
ular actions depending on change of temperature and not on change of 
volume. 

*' III. The latent heat of expansion, r —^ dv, that is, heat which dis- 

appears in performing; work, partly by the forcible enlargement of the 
vessel containing the fluid and partly by mutual molecular actions de- 
pending on expansion." 

The integral of the last equation would, if performed, 
give the heat absorbed, in foot-pounds, in producing the 
changes of temperature and volume ; but the integral can- 
not be performed without the equation of the path of the 
fluid and the equation of the fluid. 

/^iU (mother form. Subtracting pdv^ the external 
work done, from both members of the preceding equation 
gives 

in which each member is the excess 
of the heat absorbed above the exter- 
nal work done. The several terms 
may be represented by Fig. 36, in 
which A B i& the path of the fluid, 
A C an isothermal through A^ and 
A a c G represents the internal work 
done during the isothermal expansion 
A a Then 

H =^ m^ A B m„ 
I p d V = v^ A B v^ = v^ A Cv^ -^ A B O. 

j j 't —-^ d r dv =: areas represented ly the dotted lin^e 
hetxjoeen C m, and B m„ 




FIG. 86. 



128 



IMPERFECT FLUIDS. 



[W] 



C (r, — r,) =:m^0 Bm^ — areas represented by the dob- 
ted linea, 

O (r. - r.) + J'J^T ^dTdv = m,C£m„ 

v^ a c v^ = m^ A C m^; 

=^ A a c G '\- m^G B m^. 

It is apparent that the second term of the second member 

of equation (115) is the qt (r) of equa- 
tion (67). 

The internal work may be repre- 
sented in another form. In Fig. 37 
let A m, and B m, represent isother- 
mals extended indefinitely, and con- 
ceive that m, A B Wg forms a closed 
cycle, then will the resultant internal 
work in passing around the cycle be 
zero. Let JS^^ be the internal work done in passing from A 
to jB, Sy^ in passing from B to infinity, 8^ in passing fi-oni 
infinity back to A ; then 

A + ^b-^; = o. (116) 

Let r, be the isothermal through A^ r^ through j8, Figs. 
36. and 37, then, equation (115), 

•* =/'• ('• (if ) -") "■■+/:•/" ' &) •"" "• "■" 

and from Fig. 37, 
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•^ 00 

t/QO 



(118) 



(119) 
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these combined with equation (116) reduces (116) to 

11-^ Jj,dv = {C r - A^), - (6' r - S\, (120) 

in which {C t — S\\b called the intrinsic energy of the 
gas in the state J?, and depends upon the state of the gas 
only ; hence, the heat absorbed above that necessary to per- 
form the external work equals the increase of the intrinsic 
ene}*gy, 

EXERCISES. 

1. If the equation of the gas be^i; = i?r , verify 

the statement that the internal work is the same whether 
the path be J. (7 and C B^ Fig. 36, or the indefinitely ex- 
tended isothermals r^ and r^,. (Equations (117), (118), (119).) 

2. If the equation be the general one given by Sankine, 



p V 






TV r' t; "" *^' ^"' ^»' ^'^ ^^•' ^^^S 

constant, verify the fact that the internal work is the same, 
whether A C and C Bhe the path, or whether the path be 
along two isothermals through A and J?, respectively, in- 
definitely extended. 

3. Te^t the same principle for the ideal gas whose equa- 
tion isjt? t^' = <? r, c being a constant. 

4. Will the principle stated in Exercise 2 be true if the 
equation of the gas were jp = v rl 

5. Find the internal work done by ex- 
pansion at constant pressure from v^ to v^ 
when the equation of the gas is^v = 

jir -^ —, ( (117), or (118) and (119).) 

T V 



Ans. 2 a , 




V, v^ 

FIG. 88. 



This is the value of the last term of equation (108). The 
last term of equation (108) is not easily found. direetly, since 
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it contains intenial work due both to a change of volume 
and temperature. Since r^ increases with v^ when p is con- 
stant, it follows from the preceding Answer that the internal 
work increases ^vith the expansion and approaches the 

limit , which is a function of tlie initial state only, and 

TV 

decreases with the increase of temperature. It may be in- 
ferred from this — ^although we have by a more complete 
analysis found — ^that the last term of equation (107) is not 
only essentially negative but decreases, numerically, with in- 
crease of temperature ; hence, the internal work of all ex- 
pansible substances whose equation approximates to the form 

p V = Hr increases with increase of temperature un- 
der constant pressure. 

6. Find the real dynamic specific heat of carbonic acid 
gas at the pressure of one atmosphere. 

We have 

17264 
(7p = C, +B=.192 + X92"66 ~ ^^'^ foot-pounds. 

7. Find the internal work of expanding C 0^ from t\ = 
8.5 cu. ft. at T, = 500° F. to r, = 600° F. at a constant 
pressure. 

From equation (6) we have 

^ 8.5 500 X (8.5)* 

85 X 600 481600 

. • . tJa = 10.22 cubic feet. 
Substituting in the Answer of Exercise 5, gives 

2 X 481600 [siio^-^ - 600x^10.2 2] = '^^ ^oot-pounds, nearly. 

But this is the work for an increase of 100 degrees of temperature : 
hence, the average will be 0.70 foot-pounds per degree of temperature. 
This is less tlian ^hs ^^ ^^^ ^^^ producing actual energy of the substance 
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per degree of temperature, as will be found by comparing this result with 
that given in the preceding Exercise. 

From the preceding analysis it appears that for ordinary 
engineering purposes the specific heat of all substances may 
be considered constant for a constant state of aggregation ; 
and the most important element involying the imperfection 
of the fluid is that due to a change of state of aggregation. 
It, however, furnishes a wide field for scientific investigation. 

97. Other forms of the general equations. 

In Fig. 39 let the path J. J be intersected by equidistant iso- 

thermals, of which r through A and 

T -{- d T through i are consecutive. 

Through A draw the horizontal A a 

and through h the vertical h a ; then 

wiU the heat absorbed in paesmg from 

^ to a at constant pressure be 

excepting that d t ib not independent, 
but is dependent upon d v^ the abscissa 
of h in reference to -4, and hence we have 

,.Aam^ = Kr^l rr-)dv. 

\dvJ 

Similarly the heat absorbed from a to ft at constant vol- 
ume wiU be 




m. 



X 



m^^-' 



hence, ultimately, the heat absorbed in working from ^ to J 
will be the sum of these, or 

a form given by Zexmer {Theorie Mecanique de la Chai&ur^ 
p. 547). 

Substituting i-r-) found from equation (109) and ( ;t- ) 
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from the same, reduces this to 

-^ " = 2r^ [^' {Tr)^' + ■«■■ (§-:) ^r ].(»^» 

which may be f omid directly from equations {A) by elimi- 
nating d t between them. This form is given by ClausiTis 
(on Heai^ p. 179). 

Agaduj from equation {A\ we have, for r constant, 

• 'dryish- ^\T?)^\Tr)' 
and from equation (105) 

' ' dv\dr)^ -''\<ZtV' 

d (dH\ _ d_ (dE\ _ fdp\ _ 1 /(?J7\. 
d T \ dv K dv\dTjy~\dT/~T\dv/^ 
in wliich r and v are the independent variables. Similarly, 
from equation {A\ and (107), we find 

(^/\ = _ r (p\ 
\ dp /t Va r/ 

dp \ dth^ ^''Kdr'r 

d (dJT\ _ d^ (^-K\ - _ (^\ • 
dr\ dp Jt" dp \ d r Jp'" ^ \d rJ ^ 

in which r and p are the independent variables. These 
forms are given by Clausius, though obtained in a very differ- 
ent manner {Mechanical Theory of Heat^ Clausius (Browne's 
translation), pp. 118, 119). 

Agaiuy from equation (109), we have 
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ff, \d J Kd t) 



a form nsed by Professor Rowland in his paper on the Me- 
chanical Equivaleni qf lieai^ V^^ 146. 

Again, in Fig. 40 let r, be the temperature of the iso- 
thermal A S, T, that of j i, d H, the 
heat absorbed at t, between the con- 
seeutive adiabatics A <p, and ^n ; then, 
according to Article 40, equation (20), 
we have 

dH, (dp\, 

—^ = ( -T^ }dv, '• 

dff, fdp\ , ' .A 

from which, the second members being the same, we have 
d H, d II, „ 



Similarly, if t, be the temperature of the isothermal d e, 
T. of y s, we wonld have 

dll, _ dH, _ 

■ '^ g. dff dll, dll, 

or, considering heat emitted as essentiall; negative, all the 
terms may be written with the plus sign, and, generally, 
•when a suceession of operatioTis are perfomied in Camof's 
cycle, we have 

dH 
S =0, 



or, ultimately, 



r-^- 
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But any cycle may be divided into an indefinite number 
of strips by adiabatics drawn across it, and by drawing iso- 

thermals from their intersections with 
the path to adjacent adiabatics, an in- 
scribed polygon may be constmcted 
whose area may be made to differ from 
that of the given cycle by less than 
any assignable quantity; hence, ulti- 
mately, if the integral extend through- 




pio. 41. Q^i; ^^ entire cycle, 



/• 



r^'v. 



^ =0. (122) 

If the integral be separated into two parts, one along 
A a B^ during which heat is absorbed, the other along the 
B h A^ during which heat is emitted, we have 

*B ^ TJ rA^jj 

= 0. 

'B ^ 

Equation (122) is Thomson's generalization of the second 
law. It was first published by Clausius in 1864 {Pogg. 
Ann., Vol. XCIII., p. 500 ; Clausius on Heat, p. 90). 

(The differential of a function of two or more independent 
variables is said to be an exact differential. Let 

Xdx 4" Y dy 
be such an expression, in which -I' and T'may be functions 
of X and y ; then it is shown by the calculus that the differ- 
ential of Xin regard to y equals the differential of Y in 
regard to oj, or, ^ ^ ^y 

dy "^ dx 
This principle has been successfully applied to many prob- 
lems on heat, and of the early investigators, Thomson led 
in this mode of analysis.) 

Since it has been shown that the integral of is zero 
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for a complete cycle, it is an exact differential, and may be 
represented by a single symbol, as ^, and we have 

dH , 
hence, from {A\ we have 

dg>^^=:K^^ + {^)dv. (128) 

Applying the preceding principle, we have 

d /KA __ d_ (dp\ 
dv\r/'^dr \ d r/ 



or 



a r. = r (^i:) i., 



which is the differential of equation (105). In differen- 
tiating the left member, r is not a function of Vj since v is 
constant during the change of temperature. 

FirujUy^ let E = the internal energy of the substance 
both actual and potential, 

L = the latent heat of expansion as a thermal capacity, 
and other notation as previously given, then 

dB'=dF+pdv=^ir,dT-^Zdv', (124) 
r.di:=ir,dr + {L-2?)dv. (125) 

But when any substance is worked in a complete cycle 
the resultant internal work is zero; hence, dE is an exact 
differential, and we have, omitting the parentheses of the 
partial differentials, 

dlTy d 



dKy dZ dp 
' ' dv dr d r 
Similarly, for r and p independent variables 



(126) 



dK,^dr^_^dv (J27) 



djp dr dr 
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Since is an exact diSerential, therefore will its value 

r 

r ' T 

also be an exact differential ; hence, 

l..El^±.f.. (1291 

dv T dr T •> 

dK, _dL _L 
dv ~ dr T 
observing that t in tlie left member is not a function of v ; 
hence, rf r = in that member, and by (126) 

dr dr dv T ^ ' 

From (129) and (130) we find 

dK^ d L d'p 

-J — = !■ J = r T-^i ' 

dv dr T dr' 

ae before. From equations (124), (127), (128), may be 
fomid all the preceding ones of this text, 

97a. The Thermodynamic Function, or En- 
tropy. The function tp Raokine calk the thermodynamic 
fv/nction. The differenti<d 
cf <py or d<p, i« the heat 
aheorbedfor eac'h degree of 
absolute temperature be- 
tween, zero amd r, while the 
8vb»tance is worked along 
any path from a point on 
one adiahatic to a point on 
the adjacent adiahatic. 
First let the path be an 
^ isothermal, as A B, Fig. 
42, whose temperature is r. 
Intersect the path by an indefinite number of ordinate^ 
having between them the constant distance d v, and from 
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the points of intersection a, ft, a\ h\ Ac, draw adiabatics; 
and across these draw the isothermals K D^J t\ G i/, Ac, 
the successive ones diflFering by one degree, in which case 
the temperature oi C D will be r — 1, of ^ 7^, r — 2, &c. 
Then will d ^, for an expansion from state a to state ft, be 

d<p=^ cdfe\ 

for we have previously shown (Article 40) that the heat ab- 
sorbed in working from a to ft isothermally will be 

dll=yahz = r (-v^) d v ; 

but it was shown in the same article that isothermals equi- 
distant in temperature divide the heat into equal parts ; 
hence, cdfe in the figure will represent one of those equal 
parts ; 

.■.^=:cdfe = d<p=[^)dv. (131) 

Also, 

d g) =^ ah d c = c df e = ef h g^ &c. 

And for an expansion from state A to state a, we have 

d<p'=.AacCr=^ Cc e E •=. E e g G^ &c., 

and similarly for other expansions. But C<?^ JS'does not 
equal c d f e^ &c. For the sensibly perfect gases equation 
(131) becomes 

d m =^ — dv. 

according to which d <p diminishes as v increases, li and 
d V being constant ; hence 

C G e E> c d f e *> d </ e' f^ &c., 

and for v indefinitely large the area representing d (p van- 
ishes ; and for v zero, d <p will be indefinitely large. The 
indefinite integral of the preceding equation is 

^ = i? Z^<7 V + C, 
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and for v = 1, we have 

^ = C7 = 9, (say) ; 
.' , <p — (p^ = Ji log V. 

But the value of 9,, or (7, is unknown, and it is imprac- 
ticable to find the value of 9 ; a condition, however, which 
is of little consequence, since it is only the difference of tlie 
thermodynamic functions that is of any importance. Al- 
though this illustration is for perfect gases, yet the principle 
is the same for all substances. This principle may be par- 
tially illustrated by our notation for indicating heat ab- 
sorbed during isothermal expansion. Thus, in Fig. 42, let 
7/a be the heat absorbed in expanding from some unknown 
state Z on the isothermal A B to state A^ and 11^ the heat 
absorbed in expanding isothermally from the same unknown 
stute to B ; then 

will be the heat absorbed in expanding isothermally from 
^1 to jB. a similar notation will apply to expansion accord- 
ing to any law, the points Z, A and £ being on the same 
path. Similarly, whatever be the unknown initial value of 
(py we may write 

^B — ^A = A^B. 

The sum of all the areas C e^ c f, &c., between C^jFand 
D jP represents the heat absorbed for one degree of abso- 
lute temperature for an expansion from state A to state £. 
From equation (131), if r, be the constant temperature of 
A By we have by integration 



n^-n^ 



= 9b - ^'A = GDFE^ A BD (7, &c. 



But it is customary to compute the heat absorbed from the 
initial state, A^ in which case ZTa = 0, and we have 

-—- = 9b — 9a = A^. 
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The value of the thermodynamic function for B will be 

and for A^ (px = LA CM ; 

X» d V 

Thus far we have considered v as the independent vari- 
able, and deduced and interpreted d <p under that hypothesis. 
Now we ;will make (p the independent variable, in which 
case d (p will be constant. This condition will be accom- 
plished by drawing the successive adiabatics A ^„ a e^h f^ 
&Cm in such a manner that the areas Aa c C^ ah d c^ &c., 
shall be equal, in which case we not only have 

Aac C = CceE=^EegG^ &c., 
but also 

AacC = ah dc:=^ ha^ c' d = odfe^ &c., 

so that if the entire space, q)^AB <p„ be divided by iso- 
thermals of which the successive ones shall differ by one 
degree of temperature, and adiabatics drawn in the manner 
just described, all the small areas thus formed will he 
equal. 

Since Fig. 42 is used to illustrate two modes of divi- 
sion, it should be observed that the two sets of adiabatics 
will not coincide, but that there will be a less number be- 
tween the initial and terminal adiabatics, A (p^ and B <p^^ in 
the latter mode of division, if the area A a c Ch^ the same 
in both cases. When d (p i^ constant, the distance between 
pairs of contiguous ordinates passing through the points 
A^ a, 5„ &c., of the intersection of successive adiabatics, with 
any isothermal, A B^ will be governed by the law 



' ' dv' \ dr'J \dpJ' 



140 IMPERFECT FLUIDS. [97a.] 

which for sensibly perfect gases becomes, observing that, 
for this case, r = r', 

dv _ p^ t _p^, 
dv' r' p p^ 

hence, the increments of the volume vary iimer&ely as the 
pressures for those volumes^ or* directly as the volumes. 

The increments, then, become indefinitely large as l-lie 
adiabatics approach indefinitely near the axis v and dimin- 
ish indefinitely as they approach the axis Op. 

Let these adiabatics be numbered in the order of the 
natural numbers, beginning with any arbitrary number, as 
7 for Aq)^j then will a^ be 8; Jrf, 9, &c., and if the 
terminal one, B ^„ be 12, the number of spaces between 
A <p^ and B (p^ will be 

12 - 7 = 5, 



and the area 
similarly. 



ABDC= 5 X AacC; 



CDFE=^ 6 X AacC\ 

&c. &c. 

Generally, if ^a be the number of the initial adiabatic 
A <p^y counting from any arbitrary zero, (p^ of B ^„ then 

ABDC^ {<PB-<PAyAac 0= CDFE\ 

and if r^ be the nuwJber indicating the temperature of the 
isothermal A B^ and r, of any lower isothermal, z& E F^ 
then will the area 

ABFE=z (r, -r,)(9B~^A). -AacC. 

Let Aac C\)Q the unit of measurement, which may be 
arbitrarily chosen, and we finally have 

ABFE^ir^^ r,) {<p^ - <p^) = ,r. X k9^, (132) 

in which, if the foot-pound be the unit of heat, the ther- 
modynamjic function^ a9^bj will represent the number of 
footpounds of hea^ absorbed by the substance per degree 
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of temperature while expanding isotherraally from any 
adiabatic, A q>^j to another, B ^,. 

If r, = Oy we have 

<p^AB(p^ — r^ (9?B — ^a). (132a) 

The natural zero-adiabatic is the ordinate p^ but be- 
tween that and the initial adiabatic of any problem, as A ^„ 
there will be an infinite number of adiabaties including 
areas equal to A a c C between the isothermals B A and 
D C\ hence from this zero the number between A and B 
would be expressed by the difiEerence between two infinites, 
thus, 

00 — 00 , 

which is indeterminate. An arbitrary zero-adiabatic may 
be assigned, but it is unnecessary so to do, since it is only 
the difference of the thermodynamic functions that is 
sought. 

The form of the expression in the second member of 
equation (132) is similar to that expressing the area of 
a rectangle. Thus, suppose tliat in measuring a rectangular 
field, AB D 0^2^ point is arbitrarily assumed in the side 
A B prolonged, from which the comer Aha feet, and B, h 
feet ; then will the length of that side be J — « feet long in- 
dependently of the position of the point. Similarly, if the 
comer 2? be a? yards from a point in the line of A i?, and 
A^ y yards from the same point, the area of the rectangle 

will be 

ABDC-q>-'a){X'^y) ft.-yds., 

the unit area being one foot wide and one yard long. If 
differences of temperature only were used the position of 
the absolute zero would be of little consequence. 

Equation (132a) furnishes the following definition : The 
difference hetween the numerical values of the thermodynam- 
ic functions corresponding to two adiahalics is equal to 
the quotient of the number of footpounds of heat absorbed 
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or rejected in passing along any isothermal from one of 
these adiabatics to the other ^ divided hy the absolute temper- 
ature corresponding to that isothermal. 

If the path of the fluid is not an isothermal, the same 
principle is applicable, but r will vary, and r d g) cannot be 
integrated, but the difference of the thermodynamic func- 
tions may be determined in some cases. For instance, in 

Fig. 12, we have 

d n— r d(p=^ Ky,dr\ 

. dll , „ dr^ 

• ' -y- =^d(p=^ A^-—y 

in which, if Ky be constant, we have 

9>B — ^A = ^v % - - ; 

^A 

while the heat absorbed will be 

When the path is arbitrary, the differential expression for 
the thermodynamic function is 

Clansius calls the expression 

dll 
r 
" the entropy of the body,"* from the Greek word rponff^ 
Tramsformation^ since it is a measure of the rate of the 
transformation of heat from the source to the body per unit 
of absolute temperature of the source, in passing from one 
adiabatic to the consecutive one. It is identical with Ban- 
kine's thermodynamiG function. 

It will be observed that the spaces A B D C, C D F E^ 
&c., are divided into the same number of strips by the 
adiabatics through A^ a, J, &c.; hence, qn — <Pk has the 
same value for the space between any pair of isothermals, 

* Mechanical Theory of Heat, p. 102. 
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whether equidistant or not. If the state a approaches A , 
ultimately coinciding with it, the spaces A a c C^ C c e E^ 
&c., vanish ; in other words, if the expansion be adiabatic, 
no heat will be absorbed or emitted, and for this case 

d q> = 0\ 
.-, g} = consta/fit ; 

that is, the entropy — or the thermodynamiG function — of 
an adiabatic is conatcmtj and this is the characteristic 
equation of an adiabatic. For this reason we have fre- 
quently used the symbol <p to mark the adiabatic. 

This property may be put in contrast with a property of 
an isothermal in the following manner : 

That property of a substance which remains constant 
throughout such changes as are represented by an isothermal 
line is the temperature. The constant property is that of 
constant heat. 

That property of a substance which remains constant 
throughout the changes represented by an adiabatic line is 
the Thermodynamic function, or Entropy. This constant 
property is the constant rate at which heat must be ab- 
sorbed by a substance per unit of absolute temperature when 
the path of the fluid is from any point on an adiabatic to a 
point on the adjacent one. 

98. Liquid and its vapor combined. Let 

W = the pounds of the substance, initially in a liquid 
state, in a closed vessel, from which we assume that 
heat does not escape, 

w = the pounds of the substance vaporized by the ab- 
sorption of heat, 

C = jfvj and 
d H :=• the heat absorbed by the substance in increasing the 
temperature from r to r -|- t? r and vaporizing a 
part of it at the latter temperature ; 
then equation (J.), becomes 
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WdE=: WCdr + wri^^dv, 

or dH=^Cdr+^dH, 

= Cdr + X'dlT^ (133) 

where x is the fractional part of a pound of the substance 
vaporized. Integrating this, observing that the conditions 
of the problem require that the higher temperature r, must 
bo that at which the quantity x is evaporated, we have 

//= C{r, - r.) + a; . E.- (134) 

If the substance be water, we have 

0=J:= 778 foot-pounds, 
//e = 1117656 - 544.6 r. 

Equation (134) is sometimes used in calorimeter tests for 
determining the amount of water in steam. Thus, to find 
the per cent of water, we have from equation (134) 

100 (1 - a;) = 100 ^^-^ 0{r,-r:)- H ^^^^^ 

(See Addenda.) 

EXERCISES. 

1. By condensing the steam from a boiler into a reservoir 
of water it was found that 600000 foot-pounds of heat had 
been imparted to one pound of the steam above the temper- 
ature of the feed water ; the temperature of the feed water 
being 100° F. and the steam from the boiler 320° F., how 
much liquid water did the steam contain ? 

Here we have 

Tx^r^z^ 220% 

C7(r,-r,) = 171160 ft. -lbs., 

H. = 692000 *' " nearly, at 820' P., 



sum = 868160 



t* i( 
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which is the foot-poands of heat that the steam should have contained, 
above 100** F. if it had all been evaporated, but the test showed that 

ir=600000; 



. ' . difference = 968100 ; 

*n^/. X 26316000 ^ 
. •. 100(1 -^) = -g^255g- = 88 per cent. 

2. If the feed water be 100° F. and tlie temperature of 

the steam be 338° F. and the heat absorbed above that of 

the feed water, // = 900000 foot-pounds, required the 

amount of water suspended in the steam. 

Here, 

CCn - r.) = 288- X r78 

= 185000 

H. = 683000 ft-lbs, at 338% 



turn = 868000 " " 

wliich not being so much as was measured, the steam must have been 
superheated. 

99. The specific heat of saturated vapor 

is not that at constant pressure nor that at constant volume, 
but it is the heat necessary to raise the temperature of one 
pound of tlie substance one degree when the steam remains 
continually at the point of saturation. Conceive the tem- 
perature of the entire mass to be increased an amount d r 
and the volume an amount d v ; then will the heat exist 
in the three following parts : — 

1°. The heat absorbed by the liquid. The liquid not 
evaporated will be W ^ w^ using the notation of the pre- 
ceding article, and the heat absorbed by it will be 

{W—w)Cdr. 

2°. The heat absorbed by the vapor. Let 8 be the dy- 
namic specific heat of the saturated vapor, then will the heat 

absorbed by it be 

w 8dr. 

3°. An additional amount, d w, of the liquid will be 
evaporated both on account of the enlargement, d v^ and the 
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increase of temperature, d r, and the amount of heat absorb- 
ed will be 

dw . JSTe* 

Hence, equation (J.), becomes 

W.dR=^{W—w)Cdr-\-w8dr^-dw.H^\ 
r.dH=z{l'-x)Cdr^x8dr'{-E^dx, (135a) 

which will be the heat absorbed by one pound of the entire 
substance under the conditions imposed. All the quantities 
in this equation have been determined except S. 

Subtracting from both members of the preceding equa- 
tion • the external work, pdvj observing that v is a function 
both of r and a?, gives 

dS-pdv = [{l-x) C-{-xS -p^yr+^M, -j>p2 d^- 

The second member is the increase of energy of the sub- 
stance, both actual and potential, due to the changes d r and 
d V ; hence, it is an exdot differ&iitial^ and we have 

this being merely the analytical expression of the condition 

that the integral of the preceding equation may vanish in every 

case in which the initial and final values of r and x are the 

d' "D 
same, respectively. Differentiating, observing that 9-7 = 0, 

since j5? is a function of r only for saturated steam, gives 

_CJ^S = ^^-P-.^. (136) 

' dr dr dx 

Let V, = the specific volume of the liquid, that is, the 

volume of one pound of it, 

r, = the specific volume of the vapor of the liquid, 

V = " " " " '' mixture ; 

then 

i? = (1 — a?) t;, + a? v„ (137) 



Z. 
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in which v may have any value from v^ to v„ corresponding 
to values of x from » = to a? = 1 ; the former of which is 
for the liquid state, and the latter for total evaporation. 
Differentiating, 

— =v^-'V, = u (say), (137a) 

which substituted above gives 

^=(7-— • + ^ (138) 

,^^_*« + ^, (189) 



or in heat units 



which is the result sought 

For water the latent heat of evaporation is 

h. = 1436.8 - 0.7 r ; 

r r 

ST = - <>-'^. 

also 

c = l; 

which values substituted give 

1436.8 /tAfw 

9 = 1 y (14:0) 

r 

which is negative for all values of r less than 1436® F. above 
absolute zero, or 976° F. above the zero of Fahrenheit's 
scale. The above solution is abstracted from the analysis of 
Sir William Thomson.* The negative value is thus ex- 
plained : — If saturated steam be expanded in a non-conduct- 
ing cylinder, a portion of it wiU condense, giving up its 

• Math, €Md Phy$, Papm, Vol. I., pp. 146-307 ; PAtf. Mag, (1852), IV. ; 
Tram, R. 8, Bd,, 1861. 
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heat to the remainder of the steam, thus maintaining the 
temperature corresponding to the prefigure of saturation ; and 
if it be compressed in such a cylinder, heat must be abstracted 
if the pressure and temperature continually correspond to 
those of saturation. If heat be not abstracted in the latter 
case the steam will be superheated, and the temperature will 
exceed that corresponding to the pressure of saturated steam- 
In regard to this Eankine said: "This conclusion (the 
liquefaction of steam) was arrived at contemporaneously and 
independently by M. Clausius and myself. Its accuracy 
was subsequently called in question, chiefly on the ground 
of experiments which show that steam after being wire- 
drawn, that is to say, by being allowed to escape through a 
narrow orifice, is superheated, or at a higher temperature 
than that of liquefaction at the reduced pressure. Soon after- 
ward, however. Professor William Thomson proved that 
these experiments are not relevant against the conclusion in 
question, by showing the difference between the free ex- 
pansion of an elastic fluid, in which all the power due to 
the expansion is expended in agitating the particles of the 
fluid, and is reconverted into heat, and the expansion of the 
same fluid under a preaav/re equal to its ovm elasticity^ 
when the power developed is all communicated to external 
bodies, such, for example, as the piston of an engine" {Misc. 
jSc. Papers, p. 399). 

Professor Clausius said : " The conclusion that the spe- 
cific heat of saturated steam is negative was drawn by Kan- 
kine and by myself independently at about the same time 
{Theory of Heat, p. 135).* 

lOO. Adiabatics of Imperfeot g^ases. This con- 
dition requires that ^ = 0, . • . rf -ff = in equations {A\ 
giving 

* Both papers were read in February, 1850— Bankine's in Edinburgh, 
and Clausius' in Berlin. 
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= K^dr + r(^)dv, 
= X,dr-rQ^)dp; 






^^ = -(5-^)(j^)^^- 



dr 
dpi 



dp 



In order to integrate the first of these, K^^ and -r^ must 

be known functions of r and v. K^ not only depends upon 
the volume but is not a known function of r. Even grant- 
ing that its general expression is given by equation (105), its 
determination requires a knowledge of the equation of the 
fluid, and that can be known only empirically, and hence 
would apply only for the range of the experiments upon 
which the formulas were based. We have, however, found 
for carbonic acid gas, and for all other fluids investi- 
gated, that the specific heat at constant volume for a con- 
stant state of aggregation is, without sensible error, constant 
within the range of ordinary experience ; and similarly for 
K^ ; hence, representing these by CV and (7p, respectively, 
we have 






(141) 



in which y must be constant for the range through which the 
specific heats are considered constant. Assuming equation 
(4) as the general equation of fluids, and considering that 



^0 = ~' 
V 



i. 



a, = -> 



a. = -J (fee, 
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in which J^? ^d K ^^e constants to be determined by experi- 
ment, we have 

■ • WJ = ^- + Ti;^ + 71? + -^^^ = - -^("'y)' 



(1-:)= 






2/? t? — -ff T 

and (141) becomes 

C^dr =z r Mdv^ 
O^dr = r N dp^ 



(143) 



which are the differential equations to the adiabatics for 
imperfect gases. From (143), v can be eliminated by means 
of equation (142), resulting in an equation involving r and 
p only ; and r from (143), by means of the same equation ; 
but the resulting equations will be too complex to admit of 
integration, and therefore the general finite equation to adia- 
batics is unknown. 

It is customary to assume that the equation of the adia- 
batics for such expansible substances as are used for engi- 
neering purposes, as steam, is of the same form as that for 
the sensibly perfect gases, at least, within the limits used 
in practice ; and hence may be represented by the equation 

p v^ =^ c^ (144) 

in which y must be found for the particular substance, 
and the particular state of that substance. 

To Jmd Y for steam considered as a perfect gas, we 
found in Article 78 the volume of a pound of steam at 212° 
F. under the pressure of one atmosphere to be 26.5 cubic 
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feet ; hence, if it followed the gaseous law down to 32°, the 
volume at the latter temperature would be 

Vo = 26.50 -^ 1.3665 = 19.39 cu. ft. ; 
. • . i>o 'Wo = 19.39 X 2116.2 = 41033 ; 



^0 



= 83.28. 



ifp = 0.48 X 778 = 373.44, 
a; = 373.44 - 83.28 = 290.16, 

.'.y = ^= 1.3, nearly ; (145) 

hence, the equation of the adiabatic for steam, considered as 
a sensibly perfect gas, will be 

p v^'^ = po Vo^-^ = 1000000, nearly. (146) 

This value of y is used for superheated steam at all tem- 
peratures. 

But steam as used in the steam-engine is generally more 
or less saturated, for which case Kankine used ^ for the 
approximate value of y^ so that for such cases the equation 
of the adiabatiq will be 



10 10 



pv"^ =PoVo'^ = 56800. ■ (147) 

Kankine was the first writer to give even an approximate 
equation to the adiabatic of saturated steam. M. G. Schmidt, 
in his Tkecrie des Machines d Vapeur^ 1861, assumed that 
steam comported like a perfect gas, and so assumed y = 1.4, 
a value entirely without foundation, as shown by equations 
(145) and (147), and which that author later abandoned. 

In 1863 Grashof reviewed the question, and found the 
mean value of y = 1.1354. 

Still later, Professor Zeuner, by a series of experiments 
in which the initial pressures varied from 1 to 4 atmospheres, 
final pressures from ^ to 2 atmospheres, and in which the 
specific quantity of initial vapor (or the per cent of the flm'd 
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in the cylinder that was vapor before cutroff) wa8 0.70, 0.8O, 
0.90 ; found results from which he concluded that : 

The vahce of y is dependent chiefly upon the initial 
speeiflfC volume of the vapor. 

That it is nearly constant for the same initial stale of the 
vapor for all the pressures observed from one to four at- 
mospJieres, 

That the value of y may he represented Jyy the empirical 

forTnvla 

y =z 1.035 + 0.100 aj„ (148) 

in which x^ is the initial specific quantity of the vapor. This 
formula is limited to values of a?, between 0.7 and 1 {The- 
orie Mecanique de la Chaleur (1869), (329-335). In this 
formula, if a?, = 0.76, that is, if 24 parts in 100 of the 
fluid is initially water, it gives y = 1.111, which is the con- 
stant value proposed by Rankine. If equation (148) can be 
extended to values of x^ much less than 0.7, it appears that 
the adiabatic for saturated steam approximates more and 
more nearly to the isothermal of the perfect gas in which 
y = 1; and for values of x^ less than 0.50, the two curves 
will nearly coincide within the ranges of expansions used in 
ordinary practice. Hence the curve of adiabatic expansion 
of wet saturated steam approximates to that of the equi- 
lateral hyperbola. 

But when we consider the complex nature of the problem 
— ^the temperature of the surrounding walls being modified 
by the nature of the metal, its thickness, its exposure exter- 
nally ; the time of the exposure internally depending upon 
the piston speed ; rendering it practically impossible to realize 
exact adiabatic expansion — it is too much to expect any em- 
pirical formula to cover all the cases of approximate adiar 
batic expansion wliich might arise ; and we conclude, as did 
Zeuner, that the empirical formula of Kankine, equation 
(147), is sufficiently exact for theoretical or practical pur- 
poses when the initial steam contains but little water. 
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The equation of the adiahatic for saturated steam may 
be determined under the supposition that the steam remains 
continually saturated. Thus, substituting S from equation 
(138) in (135a) gives, for saturated steam, 



dn= Cdr + x(^'-^)dr+If.d 
= Jdr + rd(?^^); 



X 



d r 



d H T dr . J ( 



(148a) 



The limits of integration of this equation will be r, and 
r for temperature, and v^ and v for 
volume, if the specific volume of the 
water from which the steam is gener- 
ated be neglected ; in which case the 
specific volume of the steam and 
water in the former case will be a?, v^ 
and in the latter x v. For adiabatic ex- 
pansion d 11=0^ and the integral becomes 




X V 



dTr' 



.- .XV = 



dp 



(149) 



in which x^v^ ^=^ O G^ Fig. 43, will be the volume of one 
pound of the saturated steam and water at the beginning 
of expansion, and x v the volume of the steam and water 
at any point of the expansion Jf C. 

Eliminating -^ from the denominator of the last equation 

d t 

by means of (82), and then r by means of (81), the result 
will be the equation of tlie adiabatic £ C in terms of the 
variables x v and j? ; but the second member will be too 
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complex to be of practical value ; and the approximate 
equation of Kankine (147) will be used instead. An im- 
portant theoretical deduction may be made from the equa- 
tion in its present form ; thus, if the steam be dry at B^ the 
point of cut off, a?, will be unity, and making xv =^ u^ we 
have with the aid of (86), 



y, 



--iS"^'i +^-%)-' w 






(151) 



which is positive for values of r^ less than 1436° F., the 

same limit that makes equation (140) negative. This shows 

that the volume of steam and water will be less than the 

specific volume, t;, of steam only at the temperature r. This 

is due to condensation, as stated in Article 99. 

Let the initial volume of steam be one cubic foot^ its 

1 u . ' 

weight will be — = w,. and let /• = — = the variable ratio 

of eospansion^ then will equations (150) and (87) reduce to 

Jlogr^J^^, (152) 



= i (". 



r. 



by means of which the ratio of expansion may be com- 
puted. 

101. Condensers, A condenser consists of a vessel 
kept at a comparatively low temperature by means of cold 
water, for the purpose of condensing steam. In the jet con- 
denser a liquid spray is forced into the vessel, and for the 
surface condenser the cold liquid circulates ahout the vessel 
or through tubes in the vessel, producing a cold surface. 
When the piston of the engine is very near the end of 
its stroke, a communication being made between the steam 
end of the cylinder and the condenser through the exhaust 
passage, the steam rushes into the condenser, and the greater 
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part of it is suddenly condensed — the pressure falling to 
two pounds per square inch, more or less. Using the 
subscript 2 to indicate the conditions at the end of the 
stroke, and 3 for those in the condenser at the end of the 
operation, we have, by integrating (14:8«), 

H^Cir,^ T.) + X, r, v, ^-^.r ,v, ^ 

= J{T,- r.) + ^. t,.^ - x^vjl^ , (153) 

for water and for the Fahrenheit scale, and is the heat 
abstracted from a pound of steam in reducing its tempera- 
ture, from T, to T^ degrees. 

Tlie steam end of the cylinder will remain practically at 
constant volume during this change, and neglecting, as be- 
fore, the specific volume of the water from which the 
steam is generated, and assuming that the volume of the 
space within which the change of temperature takes place 
is constant during the change, we have 

a?, v^ = a?, -w, = u„ (154) 

and the preceding equation becomes 

JI=J{T,-- T,)-\-n, (^ - -^) . (155) 

In a continuously working engine a constant mass of 
vapor remains in the condenser at the end of each stroke, 
the amount condensed being equal to that exhausted, and 
H^ becomes zero in (155), for which case we have 

ir=J{T,~T.) + ^,^ (155«) 

The pressure of the vapor in the condenser determines 
its temperature, and that will be the inferior limit of tem- 
perature at which the steam will be worked. 
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EXERCISE. 

Detennine, approximately, the amount of water that mnst 
pass through the condenser of a steam-engine per pound of 
steam exhausted, having given jT, = 300° F. the temperature 
of the steam in the cylinder as it exhausts into the condens- 
er, a?, = 0.90 the fractional part of the steam and water in 
the cylinder that may be considered as pure saturated steam, 
the pressure in the condenser two pounds per square inch 
absolute, the water entering the condenser at 60^ F., and 
leaving it at 100° F. 

By means of a table of the properties of saturated steam, or by ecfi. 
(78), (85) and (95), we And, using approximations to the larger numbers, 

Temperature of the condenser for 2 lbs. per sq. in., 7*1 = 126 

From the problem, r» = 800 

r, - Ti = 174 ; 
. • . J{Tt -- r.) = 174 X 778 = 135400 ft- lbs. 

Total heat of the steam at 800° will be 778 X 1173 = 912600 

Heat in the water above 82% 778 X 270 == 210000 



Difference, jH;, = 702600. 
The table gives, for the specific volume of the steam at 800**, 

Va = 6.2 cu. ft.; 

. • . — = 113000. 

Total heat of steam at 126% 778 X 1120 = 871400 

Heat in the water above 32% 778 X 94 = 78100 

Difference, JJt = 798800 
The tabular value for Va is 

Vt = 1.72 cu, ft.; 

These values in equation (155) give 

ff- 185400 + 604600 = 740000 ftlbs. 

The water supplied to the condenser being raised through 100 — 60 = 40 
degrees, the quantity required will be 
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740000 ^. , , 

* " 778 X 40 ~ pounds, nearly. 

Equation (155a) gives S4.7 lbs. ; that is, a condensing engine running 
with steam at 52 pounds gauge pressure will require about 25 pounds 
of water for the condenser for every pound of steam condensed if the 
temperature of the water be raised 40 degrees. If a greater difference 
of temperature of the water at arriving and It^ving be allowed, it would 
require less water, or if the gauge pressure be higher, it will require more 
water for the same difference of temperature. 

The numerical computation of (155) will be facilitated by 
a table of the latent heat of evaporation per cubic foot, since 

102. Isodiabatlc Lines. Let CJ/^ and B M, Fig. 44, 
be any two isothermals cut by an arbitrary path A D. In pass- 
ing from A\o D 9^ certain amount of lieat will be absorbed, 
represented by the area between D A and two adiabatics 
drawn from A and D respectively, as shown in Article 34. 
It is possible to find another path, C B^ in working along 
which the same amount of heat will be emitted as was ab- 
sorbed along A D, To prove this, conceive an indefinite 
number of isothermals between C N and B Jf, and at the 
points of division with A D draw adiabatics ; then find 
a point near (7, which call 3, on the isothermal next below 
C i?, such that when joined with C the area included be- 
tween z C and two adiabatics through z 
and C^ respectively, will* equal that be- 
tween the corresponding pair at D. 
Proceed in tliis manner with the next 
isothermal, and so on to ^; then will 
the area between B C and the adiabatics 
through B and C respectively equal the 
area between A D and the adiabatics 
through A and D respectively, which was to be proved. The 
lines D A and B C 9cre called isodiabatics in reference to 
ea<;h other (Rankine's Misc. Sc, Papers^ p. 345 ; Steam- 
Engine^ p. 345). 
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To find the analytical condition, conceive C N and B 2£ 
to be consecutive isothermals, then the heat absorbed in 
passing from AtoD will be, from equation (J.), 

and that emitted along C jS, 

dn=^ C,dr + r{^\dvr, 

which, according to the conditions of the problem, are to 
be equal, giving 

(Il)''''=(jf;)''«" « 

which relation is independent of the specific heat of the sub- 
stance. For sensibly perfect gases we have 



\d tI t V 

ldjp\ ^p^ ^ B 
\d rj r, v^ ' 



and by substituting above and integrating, we have 



or 



~ = A.a constant ; (1^7) 

that is, tlie ratio of the pressures^ or of the volumea^ at the 
respective points where the successive isothermals ciU the 
curves A D and B C must he constat. 



CHAPTER IV. 

HEAT ENGINES — GENERAL PRINCIPLES. 

103. Efficiency. — Heat engines, in practice, work in 
cycles, and when running under uniform conditions, the suc- 
cessive cycles will be identical, in which case th^ total effect 
will be that produced in one cycle multiplied by the num- 
her of cycles. It is, therefore, important to investigate the 
properties of one cycle. 

The efficiency of a plant is the ratio of the work which 
the plant can produce to that of the energy supplied. Thus, 
if the plant consist of a furnace and engine, it is the ratio 
of the work it can do to the theoretical energy of the fuel 
supplied to the furnace. 

The efficiency of an engine is the ratio of the work it 
can do to the energy of the heat absorbed. 

In case of an hydraulic machine, it is the ratio of the work 
it can do to the theoretical energy of the waterfall. 

The measure of the efficiency does not involve the mag- 
nitude of the machine, and, hence, is only an incidental 
element in proportioning the engine. If one pound of air 
when worked in a cycle will produce a given amount of 
work, two. pounds will produce twice as much when worked 
in a similar cycle. The proportions of an engine having a 
given efficiency depend upon the amount of work to be 
done in one cycle. 

104. Perfect elementary heat eng^ine. — An 

engine receiving all its heat at one temperature and rejecting 
heat at one lower temperature, must pass through its series 
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of changes of pressure and volume according to Camot's 
cycle. Such an engine is reversible. No such engine can 
be constructed or operated, but as it would give tlie liigli- 

est theoretical efficiency of any engine 
working between the temperatures of 
the source and refrigerator, it serves as 
a theoretical standard of comparison, 
and is referred to as a Perfect Ele- 
m^ntary Heat Engine. 

Let A^ A^ B^ J?„ Fig. 45, represent 
a Camot's cycle, according to wliich the 
engine receives all its heat at the 
temperature r^, being the temperature of the isothermal 
-4, u4, ; and rejects heat only at the temperature t„ being 
the temperature of the isothermal J9, J9,. Then will the 
heat absorbed in expanding from state ^, to A^ at the con- 
stant temperature r^ be, according to equation (-4),, page 48, 
since d r will be zero, 




Fio. 45. 



//^ = + r 



■rd-o-. 



and the heat absorbed along the adiabatic A^ B^ will be 



and the heat rejected along the isothermal jB, jB„ 
and along the adiabatic jB, ^„ 

and the sum of these will give the heat transmuted into ex* 
temal work, since the cycle is complete ; hence, 
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"■ - "• = C' - '•> £' &:) '' '■ 



(158) 



The efficiency, according to the preceding article, will be 

E= ^^' Z ^^- = '^-^^^-'- = ~^^ ^" > (159) 
//, r, T, + 41)0 . tiO ^ ^ 

Since equations {A) are general, and applicable to all 
substances, the result must be equally general ; hence, the 
ejfimencij of the perfect elementary engine depends only 
upon the highest and lov)est temperatures between which 
it is worked^ and is independent of the nature of the 
working sribsf/ince. 

If iron, or any other solid, could be worked between the 
temperatures r^ and r,, according to Carnot's cycle, it would 
be just as e^cient as if the substance were the most perfect 
gas. The range of volumes through which solids expand 
and contract is small, so that the work done in a cycle 
would be comparatively small, and the changes of temper- 
ature are so slow as to preclude the use of such substances 
in the construction of heat engines. But this fact does not 
affect the efficiency of the cycle. 

The highest temperature at which the engine works can- 
not exceed that of the source, for it is an axiom that heat 
co/nnot of itself flow from a hot hody to one stiU hotter^ 
a principle stated by Clausius {Theory of Heat, p. 78). 

Keither can it be worked at a lower temperature than 
that of the refrigerator, for it is held as an axiom that a 
heat engine cannot he worked at a lower temperature ihmi 
that of the coldest of surrounding bodies, a principle stated 
by Thomson {Math, and Phys, Papers, p.. 181). These 
axioms are the same in substance, and originally were 
stated independently by the respective authors. 

If any of the heat absorbed is at a lower temperature 
than r„ while all is rejected at t„ the efficiency will be less 
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than if it were all absorbed at the higher temperature'. To 
bIiow this, let t, be the constant temperature of the second 
source, then we would have 



H. 






ff. 



and the efficiency would be 

//, -f 77, - //, 

JI, + JI, ' 

which is less than the value of equation (159) so long a.s 

//, is less than 11^. A reversible engine has the highest 

efficiency for the heat utilized, and the 
perfect elementary heat engine has the 
highest efficiency of any engine work- 
ing between the same limits of temper- 
ature. 

The principle of efficiency is applied 
in the same manner, whatever be the 
path of the fluid. Thus, if the cycle be 
Aa BdA, Fig. 46, ^ Jf and ^ iV^ 

adiabatics indefinitely extended, then, according to Article 

34, we have 

//, = MAaBN, 

II, = MAdBN ; 

^_ MAaBN^ MA dBIf_ AaBdA _ E,^H, . . 
' MAaBJV MA^^BW RT'' ^^^"^ 

If the indicator card of the steam-engine were A B CD, 
Fig. 47, in which A B is the steam line of constant tem- 




FIG. 46. 
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perature, r,, B C the expansion line of no transmission of 
lieat extended until the pressure falls to that of the back 
pressure,' C J the back pressure line 
of constant temperature, r„ and J A the 
compression line of no transmission of 
heat being made to pass through the ini- 
tial state, A^ then will the efficiency be 

r.-r. 



T, — r. 




FIG. 47. 



T T 

as before. 

In Fig. 45 a constant quantity of air is supposed to remain 
in the cylinder of the engine during the changes forming the 
cycle, but in the steam-engine the heat is carried into the cylin- 
der with the steam, so that the mass of steam increases with 
the stroke from Ato B^ Fig. 47 ; from B to C the mass re- 
mains constant ; at Cthe exhaust is open, communicating with 
the refrigerator, and remains open until the piston reaches «/, 
at which point the exhaust is closed, and the mass of steam 
remaining in the cylinder at «/ remains constant throughout 
the compression J A. At the completion of the cycle the fluid 
in the cylinder at the state A will have the initial pressure 
and volume, but since the changes of state are not effec^ted 
with a constant mass of fluid the operation will not be that 
of a Camot's cycle, and the above expression for efficiency 
will not be applicable. 

The only theoretical mode of improving the efficiency 
of the elementary engine is to increase the range of tem- 
peratures between which it is worked. 

It does not follow from this principle that different 
substances worked between the same limits of pressure 
will be equally efficient, for j^ressures are not proportional 
to the absolute temperatures, except for the sensibly per- 
fect gases. If, however, the operation be in a Carnot's 
cycle, the temperatures corresponding to the pressures 
being found, equation (159) will be applicable. 
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It might be urged that some work would be expended 
in forcing the mass of steam into and out of the cylinder, 
thereby producing less external work tlian tlie lame heat 
would do in case the clianges w^ere produced with a con- 
stant mass of fluid in the engine. In regard to this jx>int, 
it is sufficient to observe that, if the argument be valid, 
the energy so absorbed is too insignificant compared witli 
the heat energy of the fluid, to be considered. 

Actual engines do not produce the indicator diagrams 
here assumed, and, hence, must be made the subject of 
special investigation. 

EXERCISES. 

1. In an ideal elementary engine working one pound of 
air, if tlie lowest pressure be that of one atmosphere, 
2116.2 lbs. per square foot at J?„ Fig. 45, tlie absolute 
temperature of the refrigerator r, = 550° (T, = 89.34° F.), 
that of the source t, = 950° {T, = 489.34° F.), and the 
volume swept through by the piston during each half 
stroke 12 cubic feet; find the greatest and least volumes of 
the air in the cylinder, the power develoj:)ed in one end oi 
the cylinder during one cycle — or double stroke of the 
piston — the heat absorbed, and the efficiency. 

To find the largest volume, v^^ we have, equation (3), 

^ 53.21 r. 53^0<^ jg 33 ^„ ^^ 
p, 2116.2 

To find 2>t ^^^ ^ij tl^6 adiabatic .4, B„ equation (41), 
gives 



y - 1 ^g 3.468 



i*. =1K (^) = 2116.2 (jj) = 14045 lbs. 



y - 1 2.468 



*'* ~ ""' (?) ~ ^^-^^ (l§) ~ ^'^^ ^^ ^^ 
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To find the least volume, v^j the problem gives 

v^ — v^ = 12 ; 
.' .v, = 13.83 — 12 = 1.83 eu. ft. 

And the isothermal A^ A^ gives, equation (3), 

2>, V, = 63.21 X 950 = 50650 ft.-lbs. 
,' .p^ = 27630 lbs. per sq. ft. 

= 191.9 lbs. per sq. in. 
Similarly, 

JJi^'Ia^Pi = 1^ = 1.97; 

.'.p^ = 4162 lbs. 
v^ = 7.03 cu. ft. 
The heat al)8orl)ed will be, equation (36), 

j>, V, log ~» = 34207 ft.-lb8. 
The heat rejected will be 

^ X 34207 = 19804 ft.-lbs. ; 

and, hence, the work done in one cycle will be 
34208 — 19804 = 14404 foot-pounds, 

independent of the time. 
The efficiency will be 

14404 _ 
34208 "" ^ ' 

according to which more than half the energy of the heat 
is rejected by the engine. The ratio of the greatest to 
the least volumes is 

- = 7i, nearly, 
and of pressures, 

^^ = 13. 
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2. In the preceding exercise, what mast he the area of 
tlie pistofi in order to operate one pound of air hetween 
tlie limits assigned, the stroke of the piston being six 
feet, 

3. In Exercise 1, if the engine make 20 revolutions per 
minute, what will be the horse-power developed on one side 
of the piston i 

4. If, in Exercise 1, two pounds of air had been used, 
and the lowest pressure that of one atmosphere, the tem- 
peratures being the same as those given in the exercise, 
wliat would have been the greatest and least volumes of ain 
the volume swept througli by the pist4)n being 24 cu. ft. ? 
Would the efficiency be tlie same ? Would the work have 
been the same for the same volume swept through by the 
piston ? 

5. If in an elementary air engine the highest pressure be 
150 pounds per square inch, the highest temperature 450° F., 
the lowest pressure 14.7 pounds per square inch, and lowest 
temperature 60° F., what will l)e the volume swept through 
by the piston and the horse-power per stroke ? 

105. Regenerators consist of a chamber well filled 
with thin plates of metal so arranged as to present a large 
surface to the fluid and offer as little resistance to its 
passage as }X)ssible. The fluid, after escaping from the 
engine by passing through this chamber to the refrigerator, 
gives up a portion of its heat to the metal plates, the re- 
frigerator finally absorbing the heat which is permanently 
rejected ; after which, by passing back through the chamber 
and being at a lower temperature than during its former 
passage, it absorbs heat from the plates, thus requiring a less 
amount from the source in order to raise it to the required 
temperature. During the flow of the air from the cylinder 
the plates act as a refrigerator, by abstracting heat from the 
gas ; but during the return of the gas they act in the oppo 
site sense, and hence become regenerators. 
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If the temperature changed bj'' iosensible degrees in the 
regenerator, the efficiency would be unaffected, but such not 
being the case, they cause a loss of 6 or 10 per 'cent, even 
when well proportioned. Their great advantage consists in 
reducing the size of the cylinder, as will appear in the fol- 
lowing exercise. 

Assume tliat heat is absorbed at one temperature and re- 
jected at another, as in the preceding case, but that the 
change of pressure from one isothermal 
to the other is effected at constant volume 
by passing the air through a regenerator, 
in which case the indicator diagram will 
be represented by Fig. 48. If r, be the 
temperature of the isothermal B (7, r, of 
A 2>, Cyf the specific heat at constant vol- 
ume, the heat absorbed in passing from A 
to B to (7, if the operation were reversible, would be, equa- 
tion {B)^^ page 50, 




PIG. 48. 



//, =. 6; (r. - r,) + Ji 



lieat rejected, 
-H. = 



C\ (r. - T.) - li r. 






.-.//,- 7/, = /?(r,-r,) 




= ^(say), 



which is the mechanical energy expended. But in deter- 
mining the efficiency, the loss of heat in passing to and 
fro through the regenerator must be added to 11^ ; since 
that amount of heat must be drawn from the source and 
is not accounted for in the preceding value of jfiT^, and, rep- 
resenting this by the expression 
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in which nisa fraction, Oy = 0.169 X 778 = 131, we have 

for 

the efficiency = ^^ _^ 13, ,, (,_ _ ^^)' 

in which n will be ^^, or ^, or whatever fraction repre- 
sents the heat lost by the regenerator. 

EXERCISE. 

In an air engine with a regenerator producing clmnges at 
constant volume, let j!?,, v^ ; ^„ v^ ; r,, r„ be the same as in 
the first of tlie preceding exercises ; detennine the ratio of 
the pressures and volumes. 

Considering the engine as perfect, the work done will 
be the same as in Exercise 1, page 164, for the expansion 
during the absorption of heat must be the same. 

We will have, 

jp, = 27630, ^, = 14045 ; 

V, = 1.83 = v,yV^ = 3.6. = V,, Fig. 48; 
then 

r 11 
i>4 ■=!>. J = Y^ X 14045 = 8132 lbs., 

p, = i>, - = J^ X 27630 = 15996 lbs. ; 

.•.^* = 1.97, 

^» = 3.40. 

Comparing these results with the exercise referred to, 
it appeal's that the greatest volume in that case was nearly 
4 times the greatest volume in this ; hence, the volume of 
the cylinder with the regenerator, under the conditions 
imposed, need be only about one-fourth as large as without 
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106. Air eng^ines have been made in which the 
changes of temperature have been effected at nearly con- 
stant pressm-e, and others in which the change takes place 
at nearly constant volume. These conditions require special 
forms of mechanism, which will be considered further on ; 
but the work performed in a cycle may be computed from 
the indicator card, as in Articles 104 and 105. 

107. Heat eng^ines, whether of air, or steam, or 
other vapor, are assumed to transform a certain amount of 
heat energy into work independent of the mechanism in- 
volved. That is, aside from the friction of the engine 
wastes due to leaks and clearance, it is immaterial whether 
the engine be single-acting, double-acting, reciprocating, os- 
cillating, rotary, disk, trunk, compound, or any other of the 
many forms of engines used ; the work done will be the same 
in all the engines by the same fluid worked between the 
same limits of temperature. 

Therefore, considering the engine as a heat engine only, 
we have only to consider the thermal changes produced in 
the working fluid during a complete cycle, involving the tem- 
perature of the feed water, and the initial and final tem- 
peratures in the cylinder. But ^& a piece of mechanism^ the 
several forms have their mechanical advantages, which must 
be considered in the light of practical mechanism. All the 
details of the engine, such as the valve mechanism, the size 
of the bearings, the strength of the parts, compactness, etc., 
belong to constructive mechanism, and are treated of in 
works which consider these engines as machines. 

In order to analyze a heat engine it is necessary to know 
the law according to which it receives and rejects heat ; and 
since, in actual engines, all these laws are not known, as- 
sumptions in regard to them are made wliich are supposed 
to be approximately correct. 

108. Steam-engine. — Steam in the cylinder works 
under such a variety of conditions that a complete analysis 
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requires the consideration of eeveral hjrpotheses. Tlins, 
steam may be superheated, in which case it will expand, 
approximately, like a perfect gas ; or it may be satiirat«<], 
in which case, by expanding without transmission of heat, it 
may remain constantly at the point of saturation ; or by means 
of a steam jacket, the steam, by being constantly supplied 
with heat, may be considered as dry saturated steam. The 
curve of expansion may be too complex to be analyzed 
with great exactness. When steam enters the cylinder it may, 
and generally will, be hotter than the walls of the cylinder, 
and give up heat to the walls, thus reducing the pressure, 
even if it does not actually condense any of the steam ; and 
as the steam becomes cooler by expansion, the walls of tlie 
cylinder will give up heat to the steam, thus raising its 
pressure at the latter part of the stroke. The wat«r in the 
cylinder, if any, may also be re-evaporated. In either case 
the restored heat taking place near the end of the stroke 
does not compensate for the loss at the beginning, for the 
former can act through only a small part of the stroke, and 
as soon as the exhaust opens the restored heat escapes witli 
the steam and is lost. Water in the cylinder may result 
from condensation of the saturated steam, as shown in 
Article 99, or it may be carried over from the boiler with 
the steam in the form of very small drops, as a spray. If I 

the cylinder be jacketed the walls will be kept at a more 
nearly unifonn temperature, and thus condensation in the 
cylinder be prevented, which is a great gain in the working 
of the engine. Condensation in the steam jacket does not 
aflEect the working of the engine. The refinements result- 
ing from these numerous conditions are beyond the reach of 
analysis, because the laws governing their actions are un- 
known. This fact, however, is not seriously prejudicial to 
analysis, for the hypotheses assumed agree so nearly with 
actual cases as to give results, not only approximately cor- 
rect, but so nearly correct as to be reliable in ordinary 
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practice. If, however, it becomes necessary to investigate 
these refinements, or so-called exceptional conditions, the 
problem of the steam-engine in this respect ceases to be 
analytieal^ and is essentially empirical. It must not be in- 
ferred that theory, even in this case, is useless, or is to be 
ignored, for it is only by theory that exceptions are known. 
Theory gives the first grand approximation to the truth, 
when, by comparing the results with actual cases, the de- 
fects in the theory become known, and thus, in turn, furnish 
the means of correcting or amending the original tlieory ; 
after which a second and nearer approximation may be made, 
and so on, bringing the results of theory and of practice more 
nearly to an agreement. A consideration of these many 
conditions demands a special treatise ; we will consider only 
a few special cases. 

■ 

109. Ideal steam diagram. — Let A B C EF bo 

an ideal diagram of a steam-engine, A B 
being the steam line at constant tem- 
perature and pressure, BC the expan- 
sion line, C E the fall in pressure at the 
end of the stroke, due to the sudden 
opening of the exhaust passage, ^T^the 
back pressure line, II the line of ab- 
solute zero of pressures ; then OA = GB 
will be the total forward pressure up 
to the point of cut-off, C II the forward pressure at the 
end of the stroke, II E ^= OF the back pressure. 

The admission line -4 ^ is an isothermal of constant 
pressure, and in this respect resembles the case described 
in Articles 74 and 77, in which a liquid was evaporated 
under constant pressure at a constant temperature. In that 
case more and more liquid was evaporated, producing more 
and more steam, as the volume increased, while here more 
and more steam enters from the source as the volume in- 
We might proceed, as with the perfect engine, to 
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find tlie heat absorbed and rejected throughout the cycle, 
and take the sum ; but it is customary to find the results 
directly in terms of pressure and volume. 

The ideal diagram is one freed from all irregular and dis- 
turbing causes, such as late opening for admission, initial 
expansion, wire drawing at the point of cut-oflF, slow closing 
of the port, irregularities in the expansion line B C\ too 
early opening of the exhaust near C\ a want of sufficient 
opening at £!, and of compression near I^ ; but such a dia- 
gram represents the greater part of the work done, and by 
applying theory to it a result approximately correct will be 
obtained. 

110. Isothermal expansion. — Assume that the 
steam is superheated and the cylinder steam jacketed, then 
will the expansion line be nearly isothermal. ^ Assume it to 
be exactly so, and let 

p^=i A := G B^ Fig. 49, be tlie initial pressure, 

p^^= II C^ the terminal pressure, 

p^=^ II E^ the back pressure, 

p = any ordinate to B C, 

t)^ z=z O G =^ the volume occupied by one pound of 
steam in the cylinder up to the point of cut-oflE, 

V, = 6^ /7, the volume of one pound at full stroke, 

r =. v^-T- v^ =. ratio of expansion, 

V = any volume between G and H^ 

p^ = the mean dbsohite pressure, being such an ideal 
pressure as would if exei*ted throughout the 
stroke produce the same work as that of the 
variable pressures, 

p^ = the mean effective pressure. 
The equation oi B C will be, page 103, 

pv=p,v,=p,v,'^' = 83.37 r„ (162) 
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a.re».GBCH=l p d v = p, v, log, -'i (163) 

and 

OAB CJT = p, V, (1 + %, r); 

ojoQ 

p^v, = OABCII; 

.-./>„ =f'(l + %.r); (164) 

. . . ^ = l + %g_r^ (165) 

i>. = i>m — i>.- (166) 

71^ efective energy exerted by one pound of steam 
against the piston 

= AB CEFA=z U={pr,-p,) V,. (167) 
To jmd the heat expended per pound of ateam^ let 
H = the heat expended, 

J?j = the total heat of the superheated steam per 
pound, equation (99), 

T, = the temperature of the steam admitted to the 
cylinder, 

T^ = the temperature of the feed water, 
£?^ = the heat in the feed water, per pound, between 
32° R and T,, 

I = the latent heat of expansion^ which equals the 
work done during the isothermal expansion, 
equation (163), which heat must be supplied 
from the steam jacket. 

The heat expended will be that above the temperature of 
the feed water, which is carried into the cylinder up to the 
point of cut-off, plus the latent heat of expansion ; or 

H = ^, - J7, + Z. (168) 
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Equation (99) may be put under the forms : — 

H, = 778 [1091.7 + 0.48 (T, - 32)]. 
= 778 [855.23 + 0.48 r,], 

=• 665369 4- 373 r„ (169) 

= 665369 + ^Pt v„ nearly, by means of Eq. (162), 
= 665369 + ^p, «„ nearly, (17<>) 

H, = J (r, - 32), 
= 778 (T; - 32), 
and, (163), 

l — p,v,log,r —p, », (^r^- — l\ ; 
. • . H = 666369 +^. v, f 3J + ^") - 778 (r. - 32). (171) 



EXERCISE. 

1. Letjp, = 100 X 144 = 14400 lbs. ; T, = 450° ; r = 10 ; 
i?, = 2i X 144 = 360 lbs. ; T, = 110°. 
Find 

r, = 910.66° , 

j>, V, = 75922 ; 

V, = 5.27 ; 

rv, =: 52.7; 

j)^ = 4756 ; 

p. = 4396 ; 

U = 231757 ; 

which is the effective work done by one pound of the 
steam against the piston ; then, (171), 

H = 1113350 ft-lbs., 

which is the heat expended per pound of steam in the 
cylinder. 
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Pressure equivahmi to that heat — 

2?h = 5 = 21264 lbs., 

which is such an ideal pressure that if it worked against the 
piston while it swept through the same volume as when 
driven by the one pound of steam, it would do an amount 
of work equal to the entire energy of the heat expended. 
Efficiency of the steam — 

111. Adiabatic expansion of saturated steam. 
First, assume the approximate law 
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p v^ =z p^v^ = constant. (172) 

The work during expansion will be, Fig. 49, * 

G B C 11= r^'p dv=p,v,U--9 r-*V (173) 

and the total work dnring one stroke, or half revolution, 

OABCU^p.v, (lO - 9 7-iV 

Temiinal pressure^ equation (172) — 

^' - /r (174) 

Mean total forward preftiure — 

GAB C n /lO 9 \ ,^^^. 

Mean effective pressure — 

/lO 9 \ 

/>e = i?m - i>, = P, ^- - -T^) -p,. (176) 

Work done per pound of steam — 

C^ =i>e^\=i?,^i(lO — 9r"M — p.v,. (177) 
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Work done per cubic foot of steam admitted — 

~ = r^e = 1>, ^10 - 9 r--j - rjp,. (ITS) 

Heat expended per pound of steam admitted — 
Tliis will be the heat supplied to the water per pound 
above the temperature of the feed water y?^« the latent heat 
of evaporation, and is given by equation (93), which in 
the present notation becomes 

H = e/ (r, -. rj + 77,,. 

Eq. (78), = 778(7; -7;)+867003-544.6r.. (179) 

Heat expended per cuUc foot of steam admitted— 

- = 778 w, {T, - rj + L, (Art 78). (180) 
Efficiency of the steam — ' 

^ (1^1) 

EXERCISE. 

Let j9, = 14400 lbs. ; r = 10 ;^, = 360 lbs. ; feed water, 
110° F., as in the preceding exercise. 
Then, omitting fractions of temperature after r„ 

T„ equation (80), = 788.26°, using_p,; .-. T, = 327.60°. 

(174), = 1115° lbs. 

(80), = 640°, using jr>,; .-. T. = 180°. 
(80), = 590°, " p, ; .-. r. = 134°. 

= 110°. 
(89), = 4.36 cu. ft. 
(86), = 4.37 " « 
(172), = 43.7, or 10 «,. 
(175), = 4363 lbs. per sq. ft. 
(176), = 4003 " " " " 
(177), = 174931 ft-lbs. 
(179), = 857706 " « 
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Efficiency — 

g = 0.204. (181a) 

IVi. Adiabatic expansion of saturated steam 

according to the theoretical law. In this case tlie steam is 
assumed to be constantly at the point of saturation, and 
the equation of the curve of expansion is given by equation 
(150), from which we find, referring to Fig. 49 and Eq. (86), 

ABCD= r^ udp= I 'i^JlogJjj^^\ dx 

= J \r. - r. (l + %. J;)] + ^^ ^.. (182) 
For the work per pmmd of steam working full cycle, 

U=AB CEF= J-fr. - r. (l + log, ^')] + 

^^* ^.. + 0>, - i>.) «.. (183) 

The heat expended per pound of steam admitted to tlie 
cylinder will be the same as in the preceding Article, or 

H = j-(r, -ro + jsr... (i84) 

The effi^nency will be 

g- (185) 

[Messrs. Gantt and Maury determined the Effieieney of Fluid Vapor 
Engines according to this hypothesis — using these equations— for Water, 
Alcohol, Ether, Bisulphide of Carbon and Chloroform (Thesis, Ste- 
yens Institute of Technology, 1884 ; Van Nostran^s Engineering Mag- 
adne, 1884 (2), pp. 418^482)]. 

EXERCISE. 

Let^, = 14400 lbs. ; p, = 360 lbs, ; T, = 110° F., as in 
the preceding exercise, and p^ ^ 1H& lbs., as found in that 
exercise. 
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If tlie ratio of expansion were given, p^ conld be found 
only by a tedious approximation ; therefore, we have as- 
signed the final pressure. 

We have, 

T. = 788.26° ; . • . T, = 327.66°, as before. 



T; = 180°, " 
T, = 134°, " 
T, = 110°, " 



T, = 640° 

T, = 590° 

T, = 570° 

p, = 14400 lbs. 

J), = 1115 lbs. 

v^ = 4.375 cu. ft. 

«, = — ^— = 48.40, Eq. (86), 
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" 0. 

= J^f 778 log, L + ^) = 9.55, Eq. (152), 



u. 



.. = J^ {77Slog, Ii + ^), Eq. (150), 

=irv, = 41.76, 
v^ — u^ = 6.64. 

U = 171507 ft.-lb8., Eq. (183). 

The preceding exercise gives, 

H = 857106 ft-lbs. 

Efficiency of fluid — 

U 171507 



H 857706 
Steam condensed due to e:epansion only — 

^^-J!^ = 0.137, 

or nearly 14 per cent. 
Mean effectwe pressure — 

_^_ 171507 _ 
•^* «. - 41.76 - *^^" ^^ 



= 0.200. (185«) 
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^Fean total forward jn^ess^tre — 

p^ = 4170 + 360 = 4530 lbs. 

It will be seen that there is little or no advantage in using 
the exact, bnt more complex, formulas of this Article over 
the approximate ones of the preceding Article. 

The efficiencies found in the three preceding cases are : — 

For superheated steam, expanding isotliermally (171a) 0.2O7 

For saturated steam, expanding adiabatically, approximate law 

(181a) 0.2()4 
•* ' " '* " " theoretical law 

(185a) 0.2()0 

The effect on the efficiency by superheating is too small 
to be of practical importance. As this fact appears to 
be contrary to the popular opinion, it is well to observe 
that the superheated steam in Article 109 is not used in the 
most economical manner ; for a much larger amount of heat 
is thrown away at the end of the stroke than in the example 
of saturated steam, so that if it were utilized in heating 
feed water, or worked in another engine, or used for any 
other useful purpose, the efficiency of the plant would be in- 
creased. Or if it had been expanded down to that of the 
terminal pressure of the other cases, p^ = 1115 lbs., it 
would have shown a greater efficiency ; but to accomplish 
this result the ratio of expansion must be greater, other 
data being the same. These considerations have reference 
to the efficiency of the fluid only, but in considering the 
efficiency of tkeplant^ the size and cost of the engine enter 
as elements of the problem. Thus, to do the resj^ective 
works, 231767 and 174931, deduced in two of the preceding 
exercises, with two engines making the same number of 
revolutions in the same time, according to the conditions 
jissumed, the volume of the cylinder of the one supplied 
with superheated steam must be larger than that supplied 
with saturated steam in the ratio of the volume of a pound 
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of superheated steam at admission to that per pound of sat- 
urated steam, or, as 

4X76 - ^'^^ ' 
but the ratio of the works done will be 

231757 _ 
174931 " ^'^^ ' 

hence, per cubic foot of the cylinder capacities the former 
engine will do 

rVr = 1.10 times 
1.20 

the work of the latter. 

The engine using isothermal expansion and doing 231757 
foot-pounds of work per pound of steam, if it uses the 
pound per minute, will do 

^-^^l = 7.02 
33000 

horse-powers per pound of steam ; and, |>er hour, it 'will 
require 

1980000 ^ ^, , 

-231757" = ^'^^ P^^"^' 

per horse-power. The engine which expands adiabaticallj, 
doing 174931 foot-pounds of work, would require 

1980000 , , ^,, , 

-i-icP^T" = ^^'^^ pounds 
li4VJol 

per horse-power per hour. These results are for perfect con- 
ditions, no allowance having been made for wastes, clearance, 
or initial condensation of steam. It is a very good plant that 
does not consume more than seventeen pounds of feed 
water per indicated horsepower per hour, although re- 
liable records of some good tests show less than this amount. 
Some multiple expansion engines have been reported as 
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consuming about thirteen pounds, as determined from the 
indicator card, but that mode of determining the weight of 
steam does not allow for the condensation of steam. The 
only reliable way is to weigh the water used. Thirty to 
forty pounds is more common in practice. 

The heat of combustion of a pound of pure carbon is 14500 
B.T.U., and if it could all be utilized for the purpose it would 
evaporate 14500 -^ 966 = 15 pounds of water at and from 
212'' ; hence, if the feed water be at 110° F. and boiling 
point at 327° F., as in the two preceding exercises, it would, 
according to the table on page 112, evaporate 15 -i- 1.14 = 
10.71 pounds ; and to develop one LH.P. per hour it would 
require 

10.71 -> 11.32 = 0.943 pounds 

# 

of coal. This does not allow for waste in producing steam. 
If the efficiency of the furnace be 0.70, it would require 
0.943 -f. 0.70 = 1.34 pounds of coal. 

Case of no expansion. In many simple direct-act- 
ing steam pumps, the full pressure of steam is maintained 
tliroughout the stroke. For this case /• = 1 in equation 
(177), and the indicated work will be 

when V, is the volume of a pound of the vapor at the pres- 
sure^,. The work done during the forward pressure will 
be the external work performed during evaporation at the 
pressure j?„ and is sometimes called tlie external latent heat of 
vaparnzation. That part of the apparent latent heat which 
performs disgregation work will be lost at the exhaust. 

The volume of the cylinder, the piston making n single 
strokes per minute for m horse-powers, will be 

TT 33000^, m . /1QK \ 

V = ~ — cu. ft. (185cO 

71 U 
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Water consumed per indicated horse-power per hour, 

Tjr 33000 X 60 , -.0-7. 

W= ~ — pounds. {ISo(i) 



EXERCISES. 

1. In a direct-acting steam, pump, let the uniform gauge 
pressure be 70 pounds and back pressure 16 pounds, feed \i''ater 
60° F. ; required the work done per pound of steam, effi- 
ciency, vohime of the cylinder for one horse-power if there 
be 50 double strokes per minute, and the water consumed. 

^, = 70 + 14.7 = 84.7, 

P.- JP. = 68.7, 

r, = 775.6, Eq. (81) ; or, T, = 315° F. ; 
V, = 5.14, Eq. (86) or (89) ; 

U = 68.7 X 144 X 5.14 = 50849 ft. lbs.,Eq. (1S5J); 
W = 38.9 lbs. per hour, Eq. (185rf) ; 
F" = ^ cu. ft. = 52.4 cu. in., Eq. (185(?) ; 
H = 893844, Eq. (179) ; 
^=0.057, Eq. (185), 

or, the theoretical efficiency of the fluid will be about 5.7 
per cent. 

In actual practice the loss from condensation and radi- 
ation in these pumps is considerable, and the clearance is 
not only relatively large but somewhat irregular— especially 
in the smaller sizes, and it 5s found that the water consump- 
tion ranges from 75 to 125 pounds per horse-power per 
hour, with the possibility of being outside these limits in 
either direction. The mean average efficiency for the ^fluid 
admitted (steam and water) will be for small pumps of tliis 
class about i of the theoretical, or, 

^= 0.019, approximately, 
and, U = 17000 ft. lbs., approximately, 
also, W= 120 lbs. of water per horse-power per hour. 
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But the size of the cylinder need not be correspondingly 
increased, for the condensed steam will occupy but little 
volume. 

The efficiency of the furnace boiler and connections may 
be taken at 50 per cent, giving for the entire plant 

E' = 0.0095, . 

or about 1 per cent of the theoretical heat of the fuel burned 
in the furnace. 

It has been found by actual measurements that the average 
duty (or the work which 100 pounds of coal can do) in 
direct-acting pumps feeding 75 to 100 horse-power boilers, 
with coal of good quality, may, in the absence of direct 
experiinent, be taken as 10000000 foot-pounds. This is 
100000 foot-pounds per pound of coal, or 100000 ^ 778 = 
128.5 thermal units, which is about -j-J^ of tlie heat of com- 
bustion of the average of commerical coal. The efficiency 
of such a plant, then, is actually about 1 per cent of the heat 
in coal of good quality. Such a plant will require from 
9 to 15 pounds of coal per indicated horse-power per 
hour. 

2. In the preceding Exercise, if the stroke be five inches, 
what will be the diameter of the cylinder ? 

3. If, in a direct-acting steam pump, the gauge pressure 
be 100 pounds, back pressure 16 pounds, feed water 90° F., 
find the efficiency of the fluid, and compare the result with 
that in Exercise 1. 

4. If, in Exercise 3, the gauge pressure be 40 pounds, 
required the efficiency of the fluid. 

5. Explain the several causes of the loss of the 99 per 
cent (more or less) of the heat of combustion as found in 
these Exercises. What eflfect has the temperature of the 
feed water upon the efficiency ? 
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] 12a. General equations of vapor eng^lnes. 

— Consider only one pound of fluid in the cylinder, and let 

£ Che the curve of saturation, 
and ^ J^ any adiabatic in which 
there is only a fraction of the 
pound of vapor throughout the 
expansion. 

A B, Fig. 50a, will represent 
the volume of a pound of vapor at 
the absolute pressure A = j>^ 

and absolute temperature r„ G I the volume at the absolute 

temperature t and pressure O G = p. 

Let x^ = A£^AB = the fractional part of the fluid at 

the state ^ that is vaporized, 
v^ = A Bj x^ v^ = A Ey 
x= GII-^ GI, 
V ^= G I, volume corresponding to the pressure O (?, 

X V = G n, 

(*j the specific heat of tlie liquid, 

/^e, the latent heat of evaporation at temperature r in ordi- 
nary heat units, which will be 
Ae, at temperature r,. 

Then will the equation of the adiabatic J? jP be, Eqs. 
(86) and (149), 

wliich may be put under the more symmetrical form 

' — - -\- clog — = '- — - + c log — ^ = a conataitt^ (J) 

in which r^ is any arbitrary temperature. Since the vapor 
is to be continually saturated, this equation is limited to the 
conditions that a?, must not be negative, and must be less 
than unity, and at the same time a?, for any amount of 
expansion, must be less than unity. 



(«) 
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Let subscript , be used for the terminal state F^ then 

""J!:^ j^ cUg ^ ^""^ -^^ clog ^^ 

The difference between the initial and terminal weights 
of vapor will be 

X, - x^ = X, - ic log ^ J^ ^V^) T"' (^') 

and this may be negative, zero, or positive. We will 
designate those vapors whose specific heats are negative as 
*• steam-like vapors," and those which are positive as "ether- 
like vapors," steam and ether being typical of their respec- 
tive classes. 

If the fluid be water, then c = 1, and let a?, = 0.436 at 
r = 800° F. (absolute), h^ = 1436.8 - 0.7 t. Then equa- 
tion (a) gives 

for r = 900°, x = 0.404, r = 600, x = 0.450, 

T = 800°, X = 0.436, r = 500, x = 0.436, 

T = 700°, x = 0.450, r = 400, x = 0.407, 

r = 650, X = 0.453, r = 200, » = 0.277 ; 

from which it appears that steam iivcrecbsed with the expan- 
sion as the temperature fell from 900° to 650°, or from 340° 
to 190° on the Fahrenheit scale ; and after tliat it decreased 
continually with the temperature. This change of the 
weight of steam can take place only by the evaporation of 
water initially in the presence of the vapor, and by condensa- 
tion later in the expansion. The converse is also true, that 
if, in the initial state, only a fraction of the fluid be vapor, 
the liquid may at first be evaporated by adiabatic compres- 
sion, but it may reach a state beyond which it wiU he con- 
densed hy adiabatic compression. Thus, in the example 
above given, if at 600° F. (absolute) 45 per cent, of the fluid 
be vapor, it will increase to 45.3 per cent., after which it 
will condense indejmitely with adiabatic compression. 
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If at 650° there be 45.3 per cent, of steam, the vapor will 
condense both by adiabatic compression and expansion from 
that state. 

This may be ilhistrated by the annexed diagram, Fig. 

506, in which the relations are 
greatly exaggerated. Let D E F 
represent successive states of con- 
stant steam weight, and A B C 9a\ 
adiabatic of part liquid and vapor. 
These curves may intersect each 
other at two points a and h ; above 
P a the weight of vapor in the adi- 
*vO batic will be less than at a, and 
the adiabatic will lie to the left 
oi D E F^ and below h it will lie below the curve of con- 
stant steam weight. The adiabatic is less curved than the 
curve of constant steam weight. 

To find the ininiifnunh iceight of vapor mich thdt^ hy cofi- 
tintced compression of steam-like vapor j the liquid will be 
continually evaporated. 

In equation (J) first find the value of r that will make the 
left member a minimum when a? = 1. Neglecting all 
j>owers of r above the first in the latent heat of evaporation, 
Regnault's experiments give 




r T 



where a and h are constants depending upon the particular 
fluid. Using this value, it will be found that the required 
function is a minimum for 



a 
r = — 



that is, r will be near the " temperature of inversion," 
which, in the case of steam, is about 1436° F. (absolute), or 
976° F. actual. Since the law of the latent heat of evapo 
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ration here given is not exact, : nd, even if it were, Eeg- 
nault's experiments would not warrant the extension to 
such high temperatures, we will discard fractions, and 
treat the entire number, 1436, as if it were exact. Since 
the adiabatic law is not applicable above this state, the 
maximum condensation by adiabatic expansion will be 
found by l>eginning at this state and expanding down to 
the required temperature. In equation (c), letting x^ = 1, 
r, .-= 1436, /i,, = 1436—0.7 r, c = 1, then 

1436 



2.3026%,, — - + 0.3 

X = 1 - — 

- 0.7. 



1436 



Abeo. Temp. Per cent, of Steam. Per cent, of Water. Temp. Deg. F. 

If r = 800, X = 0.808, 1 — x == 0.192, 340. 

= 700, X = 0.753, 1 - X =. 0.247, 240. 

= 672, X = 0.725, 1 - x = 0.265, 212. 

= qpo, X = 0.692, 1 - x = 0.308, 140. 

It thus appears that if 72^ per cent, of the fluid be satu- 
rated steam, or 26 J i)ercent. of it be water at 212° F., the 
steam will condense continually by adiabatic expansion, or 
the water be continually evaporated by adiabatic compres- 
sion. If there be less than twenty-six per cent, of water at 
212*^5 the water will all become evaporated before the tem- 
perature reaches the critical temperature, and, after passing 
that state, compression will produce superheating. Every 
adiabatic having more than 72^ per cent, of steam at 212° 
is tangent to some curve of constant steam weight; and 
hence, with the exception of the adiabatic tangent to the 
curve of saturation, will have -a state of maximum steam 
weight, at which point the curves of constant steam weight 
and the adiabatic will have a common tangent. From this 
state condensation of steam will result from compression as 
well as from expansion. The adiabatic which is tangent to 
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the curve of saturation paBses through the state of the tem- 
perature of inversion. 

According to the preceding table, at r = 672^, if 72^ per 
cent, is steam, compression will produce evaporation up to 
143G°. If at r = 672° we assume 70 per cent, of steam, wo 
find the following results : 



T = 672, 

r = 700, 
r = 80C, 
r = 900, 
r = 1000, 



X =: 0.70. 
X = 0.73. 

X = 0.76. 
X = 0.794. 
x = 825. 



r = 1100, 
r = 1200, 
T = 1250, 
r = 1300, 
r = 1400, 



X = 0.84:9, 
X = 0.855. 
X = 0.86O. 
X = 0.859. 
X = 0.84. 



It will be seen that the amount of steam will be a maxi- 
mum at 1250° F. absolute. 



ii i 



oo 



e>^ 




FIG. 50e. 

In Fig. 50<? the dotted lines are curves of equal steam 
weights, and the full lines — except the curve of saturation — 
are adiabatics, one of which is tangent to the curve of satura- 
tion ; another tangent to the curve whose constant steam 
weight is S^ per cent., the point of tangency being at the 



^ 
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temperature of 790° F. ; another is tangent to the curve of 
50 per cent, of steam at 240° F. ; and the fourth tangent to 
the curve of 45.3 per cent, of steam at 190° F. absolute. 

In order to show the properties on a small scale, it is 
necessary to exaggerate the relations, thus distorting what 
would be the correct figure. 

An examination of ether will show that tlie results here 
deduced for steam are not necessarily applicable to other 
vapors. In " ether-hke vapors " the temperature of inver- 
sion is below ordinary temperatures ; and for such if a?, = 1, 
condensation will result from adiabatic compression for 
temperatures above that of inversion. Thus, for ether, 
omitting terms above the first power of r, we have from 
Eegnault's experiments, 

Ae = 93.3214 + 0.3870 r. 
c = 0.517. 

Hence, from equation (139), page 147, 

93.32 
8 = 0.517 '- — = specific heat of the saturated vapor. 

If « = 0, then r = 180° (absolute), or — 280° F. ; and 
this is the temperature of inversion. Assuming any tem- 
perature above this, as r^ = 520°, and aj, = 1 in equation 
(a), then 

0.5664 - 2.3026 log -^ 
_ -^ 5^ 

^ "" 93:3214~7 7^^ 
h 0.3870 

From this it appears that x will diminish aa r increases, 
and finally become zero for r = 915°, nearly. 

There appears to be no proportion of vapor to liquid such 
that they will be the same at two different states on an adia- 
batic, as has been found for steam. It may be showTi that 
for any value of »„ x will decrease as r increases, showing 
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that reevaporation does not take place during adiabatic com- 
pression. 

If the fluid be initially all liquid, then a?, = 0, which in 
equation (a) gives for the equation of A J, Fig. 50a, 



or, 



X 



l"^H ^ 



This expression may in some cases have a maximum, 
from which it appears that if the fluid be initially all liquid, 
under adiabatic expansion the liquid may be evaporated 
until the temperature is so reduced as to produce the maxi- 
mum weight of vapor, after which the vapor will condense. 

Thus, for steam <? = 1, and if r, = 800, x will be a maxi- 
mum for r = 350° (absolute), nearly, at which state x will 
be 0.24- ; or 24: per cent, of the liquid will have become 
vapor. At 300°, x = 0.239 ; f or r = 200°, x = 0.21. All 
these latter temperatures are, however, so mucli below any 
used in practice, that it is not probable that the formula for 
evaporation will be applicable; and we may assert, that, 
within practical limits, steam will be continually generated 
under adiabatic expansion, if in the initial state the fluid be 
entirely water. 

With ether, if initially liquid, evaporation will increase 
with adiabatic expansion until it all becomes saturated vapor, 
after which it will superheat ; provided that the liquid be- 
comes vapor before the temperature of inversion is reached. 

The numerical values of these results will be modified in 
some cases considerably — if higher powers of the temper- 
liture be included in the analysis. 

The ratio of expansion will be 
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I 

If, at the cut-ofif, B^ the fluid be all vapor, as it may be 
for steam-like vapors, then », = 1, and reducing by means 
of equation (a) we have 

which is the equivalent of equation (152), page 154. 

For ether-like vapors, if the final state is that of vapor 
only, then a?, = 1, and substituting x^ from equation (a) 
gives 

The weight of ether vapor at B^ the beginning of expan- 
sion, in order that the pound of fluid shall be all vapor at 
6^, the end of the expansion, will be x^ in equation (a) when 
a? = 1, or 

In practice, the adiabatic expansion of steam-like vapors 
may be approximately realized, but there is well-nigh an 
insuperable difficulty in securing the adiabatic expansion of 
saturated ether-like vapors ; for, in the former case, if steam 
be in the state of saturation at the instant of the cut-off, it 
will continue to be saturated during expansion ; but, with 
the latter, if no ether liquid be present at the instant of cut- 
off, the vapor will superheat during expansion, and instead 
of realizing equation (a), the curve of expansion will be of 
the form 

in which n will be the ratio of the specific heat at constant 
pressure to that at constant volume. We will continue to 
consider the vapor as saturated. 
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To find the work done during adiahatic expansion^ let a?, 
be so much less tlian unity that the vapor will remain satu- 
rated throughout expansion, then will 

U, = AEFD ^JgIL dp = jj\c %Il + ^A.'ji?!^ 

= ^|^, (r, - r, - r. % ^) + ^-'-^-'^. K^ \ (*) 

which becomes equation (182) if a?, = 1. 

If, in this expression, the value of a?, from equation (a) be 
substituted, and subscript , be attached to those variables 
which are without subscripts, we will have 

Z7. = j[c(r.-T.-r>yIi)+^-i^a!.A„] (/) 

Equation (Ar) is better adapted for the discussion of steam- 
like vapors, and equation (Z) for ether-like vapors ; for in the 
former a?, may be unity, and in the latter a?, may be unity. 

Eliminating log — - from these equations by means of 
equation (a) gives 

U, = e/ |^<? (r, - r,) -f X, Ae, - », K J, W 

in which x^^ and a?, are limited as before. 

If, during the return stroke, the fluid be refrigerated so 
as to maintain the constant temperature t„ the pressure will 
be uniform and equal CD ; and if at some point, as e/, adia- 
batic compression begins and is continued until the tempera- 
ture is raised to r, at -4, Id* a?, be the weight of vapor at 
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state J., then will the work done by compreseion be found 
by simply changing x^ to x„ since all the other quantities 
remain as before : 

.-. Z7. = J- [ c (r, - r, - r, % |) + Ii^« x. A..]; (») 

hence the work done in the cycle A E F J A will be 

The heat absorbed will be 

hence, the eflBciency will be 

^^ p. - ^\ ^liJZj±. 

JK,{x,-x,) r, ' 

which is the same as that of the perfect elementary engine. 
Neglecting compression and clearance, we have 

U= AB CJVMA = AB CD + {j},-p.)x,v,, 

where ^, = O Dy p^ = M^ absolute pressures. If t^ l>e 
the temperature of the feed water, the heat expended will be 

H = Jc (r, - r,) + a?, //,„ 
where H^^ = Jh^^, Hence the efficiency will be 

E = ^- ^1 (0) 

J r c (tj — r^) + Xx A.1 J 

From this result it appears that in the case of actual 
engines, the specific heat of the working fluid and the latent 
heat of evaporation both affect the efficiency. If the feed 
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water be at the temperature of the exhaust, then r^ = r„ 
and the preceding expression may be reduced to 



1-1 — T, 



"'('^^-^r") +)(''• "^0'^"' 



Tt e (r, — r,) + ar, Aei 

By retaining a?, and a;,, equation (o) is applicable both to 
" steam-like" and " etlier-like" vapors, only observing that 
neither x^ nor a?, can exceed unity, and that they are related 
to each other through equation (a). 

To find the work done during adiabatic expansion when 
the initial state A is that of liquid only, make a;, = in the 
value of ^„ or », = in equation (A:), giving 

^.=^2>J'= J'c[^. -'■.(1 + %^)], to 

and if the temperature at e/be t, then will A U L\)e found 
by substituting r, for t, in the preceding equation. 

Actual engines do not expand down to the back pressure, 
neither is the pound of fluid retained in the cylinder ; but 
at the end of the expansion the exhaust is opened, and the 
vapor escapes until the exhaust is closed at the point L in 
the back stroke. The adiabatic A L will then be for only 
a fraction of a pound of fluid. To find its equation let z 
be the fraction of the pound of fluid, including both liquid 
and vapor, then equation (a) gives 

GK= zxv = z{clog, :^ +''-^)-l- W 

If the fluid be all liquid at J., then a?, = 0, and 

GK= 2clog^, {s) 

which reduces to equation (/), if 2 = 1 as it should. 
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But in practice there is clearance and the fluid will not 
be reduced to a liquid at state A. Kepresenting the clear- 
ance by P A, Fig. 50^ ; then will 3 

= P A^AB, where A B is the o^A B 

volume of a pound ; and equation (r) 
will be the equation of the adiabatic. 
It will, however, be more convenient qI-D 
to use the approximate equation N -F- 

as has been done in the following 
equation {u). 

Some practical considerations. A steam or hot- 
airjdcket is sometimes used to prevent liquefaction of steam 
in the cylinder by keeping the walls of the cylinder hot. 
Liquefaction of steam in the jacket produces no bad effect, 
although it represents cost for fuel. The entire action is too 
complex to admit of definite computation. 

The velocity of the steam through the steam pipe^ if not 
more than 100 feet per second, does not, according to D. K. 
Clark, produce any appreciable loss by frictional resistance. 
The loss of pressure in passing through the ports into the 
cylinder is, in practice, from 3 to 10 pounds, and in excep- 
tional cases even more. 

Wire-dra/wing oi steam is the reduction of pressure due to 
friction. This does not represent a corresponding waste of 
energy, for it produces heat, thus superheating it — that is, 
produces a temperature higher than the boiling point corre- 
sponding to its pressure, the pressure being lower than at the 
boiler ; but the entire energy is never restored in this way. 
It is better to cut-off earlier with throttle open than to 
throttle and cut-off later, to produce the same work. 

Superheating may be produced by wire-drawing, by a 
steam-jacket, by circulating a. hot fluid through flues in the 
steam-chest, by heating the pipes conducting the steam to the 
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engine, by heating in the cylinder by hot pipes, or by inject- 
ing some superheated vapor into a body of saturated vapK>r. 
The object of superheating is to prevent condensation, to 
diminish the back pressure by producing steam of less den- 
sity, and to increase the efficiency of the fluid. 

When steam is superheated to such an extent that it may, 
without material error in practice, be treated as perfectly 
gaseous, it is sometimes called steam gets. Experiments of 
Him and others show that a very moderate amount of super- 
heating produces steam gas ; from which it is inferred that 
the formulas for steam gas will be practically correct for 
ordinary superheated steam. 

EXERCISE. 

Find the work per pound of ether working in an engine 
without clearance or compression, expansion complete, be- 
tween the absolute pressures of 100 and 14.7 pounds per 
square inch ; the ratio of expansion and the efficiency, the 
fluid being entirely saturated vapor at the end of the expan- 
sion, and the temperature of the liquid ether 60°. 

Since expansion is complete, the final pressure, 14.7 pounds, 
will equal the back pressure. 

The specific heat of liquid ether is <? = 0.517. To find 
the initial and terminal temperatures we have, equation (81), 

1 

r = 



/: 



log,.p^ B' B 



'4 6" 2 C 

in which for ether, A = 7.5641. 

B — 2057.8, log B = 3.313425. 
C = lfi4950, log C= 5.217355. 

Hence, t, = 676, r, = 558 ; . • . T, = 216° F., T, = 98" F. 

Latent heat of evaporation as determined by Renault, 

A, = 171.24 — 0.0487 T — 0.000473 7" ; 
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hence, for terminal state, since T^ = 98°. . ,.h^ = 162 

for initial state, since T^ = 216*^ . . . . Ae» = 139 

Work, ABCD, Fig. 50a, a?. = 1 in Eq.(Z),ft.-lb8. V = 22200 

Initial weight of vapor, Eq. (^'), lbs a?, = 0.92 

Efficiency, Eq. (<?), making x, = 0.92, jp, = ^,. ^= 0.137 

Volume of a lb. of liquid ether, cu. ft v = 0.0223 

VoLof Ib.of vapor at^^ = 100 lb8.,Eq.(84),cu. ft. v, = 2.98 

a a u u a « jr?, = 14.7 " " " " " ^, = 12.62 

Batio of expansion, Eq. (t) r = 4.6 

If there he a clearcmce^ and sufficient fluid be retained to 
just fill the clearance by compression, as indicated by L Aj 
Fig. 50dy this fluid will act as a cushion, and the energy in it 
will be stored and restored with each stroke, and will not 
form any part of the working fluid. In this case, freeing 
the diagram of the effects of the cushion fluid, as in Stir- 
ling's engine, page 204, u^ will be represented by a line 
equal to e/" C> in which case equation (n) becomes ap- 
plicable by subtracting from it a trilinear area, of which 
the hypothenuae is the curved line J Z, and the base the 
projection oi L J on F E. But the mean elective pres^ 
sure will be diminished because the effective work per 
revolution will be less, the back pressure being greater. 

Ratio of expansion with dearance. ABGEL^ Fig. g^ 

being the diagram described by the indicator, the cut-off 

being dX Bj A B will be the apparent steam line, and P B 

the re<d steam line. 

Let 

JP JP 
r' = -j-^ = the apparent ratio of expansion, 

O E 
r = -^-= = the real ratio of expansion, 

PA 
c = -=r-=^z=z the ratio of the volume of clearance to 

/T rf 

the piston displacement, 
8 = jP ^ = the stroke of the piston ; 
then 
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PA 
_QE ^ FE-\-PA _ ^"^P:g _ l+g _ 7^ + gr^ 

FE^FE r'^^ if) 

PA=:C8; AB=:^i -j-^z=cr'. 

^ r A B 

The adiahdtic A L will be for a fractional part of one 
pound of the vapor, and if J. 5 be proportional to the 
volume of one pound of the vapor, and A J terminates at 
the end of the clearance, then will the weight of vapor re- 
quired to produce J. Z be 

A P 
A p of one pound = c /•' ; 

and the volumes will be in the same ratio at equal pressures. 
Hence, 

P A" c t' v^" \pj ' 

which determines the point where compression must begin. 
The mean effective pressure will be diminished, but, like 
many other elements, the exact amount cannot be deter- 
mined theoretically, except by a full solution of the problem ; 
still a sufficiently near approximation may be found by 
means of equation (176), page 175, wlxich is 



i?e=i?. [10- J--i?.; 



in which r* will be between 1 and 2 for all ratios of expan- 
sion used in practice, and when p^ is large compared with 
P^y P^ will vary, approximately, inversely as r. Hence, if 
p^ be the mean effective pressure with clearance, and p^ 
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without, we have, approximately, 

The piston displacement per minute in doing the same 
work as without clearance will be increased in the ratio 

r' -h r. 

If the steam is completely exhausted duAng each return 
si/roke^ the real volume of steam will be 

P B = {l + cr')AB, {w) 

or 1 -f- ^ ^' times the apparent volume. 

The mean absolute pressure will also be di/minished^ to 
find an approximate expression for which, conceive that the 
piston displacement equalled the volume of the cylinder, 
including the clearance ; then would the work done be 

JPm (1 + C) U,, 

But the work done in passing over the clearance would be 
and if pj be the m>ean absolute pressure, we have 

Pm -2^ = Pm (1 + c)u^-p,CU^'y 
• ' • jPm - i>m' = ^ (i>i - Pm)' (») 

The expenditure of heat per pound of steam per stroke 
without clearance, or with cushion space just filled by the 
compression of vapor, being 

with clearance and complete exhaustion with each return 
stroke will be, equations {w) and (y), 

H (1 + c /•') = [^.. + C{T^- r.)] (1 + c rO- (s) 
The efficiency of the fluid will also be diminished / for 

eff^ective work with clea/rance __ pj — jk>, , 
efectvoe work without clearance p^ — JP« ' 
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and the expenditure of steam, and consequently of beat, is 
greater with clearance, as shown by equation {z\ and 
hence the diminution of the eflSciency will be 

Although the effects due to these and other practical con- 
siderations cannot be thoroughly analyst, yet their dis- 
cussion shows that they do not oppose, or revolutionize, the 
general theory of the vapor engine — ^they simply modify 
its results. A more complete knowledge of vapor engines 
requires special experiments apd a study of the engine itself 
under varied conditions. Theory teaches much, and we are 
thankful that we know so much, and regretful that we know 
so little. 

113. Cut-off. With a given plant, if the cut-off be 
early more work may be done with a given amount of fuel 
than if the cut-off be late in the stroke ; and it is proposed 
to find the cut-off which shall give the most work per pound 
of steam admitted to the cylinder. This problem may be 
called the point of cuiroff thai will produce the greatest Effi- 
ciency of Fluid. 

With a given plant, it may be proposed to find the point of 
cut-off such that the owner may realize the greatest profit 
by selling the power produced. This condition will involve 
the first cost of the plant, attendance, repairs and deteriora- 
tion. The deterioration may be such that the cost of the 
entire plant will be absorbed in the course of a few years, 
or if sold during this time, it will be the difference between 
the original cost and the amount received by the sale. In 
this case, if the cut-off be early fuel may be saved, but tlie 
other changes may make the cost of the power delivered 
more per dollar expended than if the cut-off were later, thus 
making it a problem of maxima and minima. This may be 
called the Owner* s Problem, 

Again, in the plant of the preceding case, the parts may 
be improperly proportioned ; but if a definite amount of 
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work is to be produced, the designer may be required to 
proportion the plant so that the boilers shall be of the pi*oper 
size for working most economically for producing the re- 
quired amount of steam, and the engine so proportioned 
that by cutting olf properly the power produced shall cost 
the least per dollar expended. If cut-off be too late in this 
case, more steam will be required, requiring larger boilers 
and more fuel, while the engine may be smaller, thus cost- 
ing less ; or if cut-off be too early, requiring less steam and 
smaller boilers, the cylinder and every part of the engine 
must be larger, costing more, so that this is a problem of 
maxima and minima, and may be designated as the Design- 
er's ProhUm. 

These and similar problems have received the general 
title. The Most Economical Point of Cut-off. 

A general solution of the owner^s problem was made by 
Bankine, and is made the basis of the solution of the other 
two. It is substantially as follows : — 

Let J?, = the initial absolute pressure in the cylinder per 

square foot, 
p^ = the mean absolute pressure, 
F = the resistance of the engine other than the use- 
ful load, including friction and back press- 
ure, 
h = the cost of producing unity of weight of steam 
in unity of time (one hour), which consists of 
the cost of fuel, repairs, wages of firemen, in- 
terest on cost of boilers, and depreciation ; 
k = interest on the cost of the engine, plus engi- 
neer's wages, j>l/us cost of repairs, plv^ depre- 
ciation of value of engine, plus cost of waste 
and oil, reduced to cost per square foot per 
hour ; 
A = area of the piston in square feet, 
I = length of stroke in feet. 
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n = the number of times the cylinder takes steam in 
unity of time (one liour), once per revolution 
for single-acting engines, and twice for dou- 
ble-acting ; 
? n = the number of linear feet swept through by the 
piston in unity of time — one hour ; 

V = the volume of unity of weight of steam at the 
pressure j9„ taken from a table of " saturated 
steam " or from equation (86), or (89) ; 
W = weight of steam used by the engine in unity of 
time — one hour, 

^', = the volume swept through by the piston in one 
stroke, 

v^ = the volume swept' through to the point of cut- 
off, 

r = the ratio of expansion = -y, -^ -y, 

Z = BXi auxiliary quantity z= p^v^ -=- py v^ = the 
ratio of the work done at full stroke, working 
expansively, to the work done up to the point 
of cut-off. 



Then 



z 





Pm 
Pi 




= 


Pm 
Pi 


r; 


t>m 





P, 

r 


Z. 









(186) 



>'.Pra= ^ Z. (187) 

r 

k A = the interest on the cost of the engine per hour 
for the steam used, and 

k A 

= the interest for each pound of steam used per 

^ hour ; hence, the total cost per pound per 

hour will be 

h A' k — . 
W 
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The volume of W pounds of Bteam will be v TT, and at 
full stroke, r v W; 

.'.Aln-rvW; (188) 

and the preceding expression becomes 

' In 
The useful work per stroke will be 

which per pound of steam per hour becomes 

^"•^V^^ = ^<-P---^> (189) 

which by means of Equations (187) and (188) becomes 

hence, the work done per unit of cost (one dollar) of steam 
will be 

which is to be a maximum in reference to r as a variable, 
and will be a maximum when the factor 

Z — — T 



hv 



+ r 



is a maximum. Equation (186) shows that Z is a function 
of p^ and T ; but the form of the function p^ is not defi- 
nitely known, depending, as has been previously stated, 
upon the behavior of the steam in the cylinder — ^whether it 
be dry, saturated, superheated, wire-drawn, &c. If the 
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mean forward preesure be f annd in any manner as a func- 
tion of /*, a graphical solution may be made as follows : 

Draw two axes, X and O Y^ and 
construct the locus A jB, Fig. 50, rep- 
resenting Equation (186), by laying 
off spaces Q on ^ JT to represent 
T and corresponding ordinates Q P 
to represent Z. Through the origin 
draw a line O iT, such that 




FIG. 50. 



then will any ordinate ^ iT be 



tanNOX=^y 

Pi 



F 

Pi 
which is the numerator of expression (191). 
On the negative axis of x lay off a distance 

h I n 



OC^ 



k V ' 



and at C erect a perpendicular intersecting N O prolonged, 

at D. From D draw a tangent to the locus A B^ the point of 

tangency being P, then will the corresponding abscissa, Q, 

be that value of r^ which will make (191) a maximum. For, 

the part P N of any ordinate between D N and D P will 

be proportional to C Q^ its distance from C\ but C Q is 

the denominator of (191), and if the line 2?P be above 

the tangent, nothing will be determined by it, and if below, 

assume that it passes through some point, as ^, on the 

curve. For the ordinates between the diverging lines we 

have 

P N ^ ordinate ikrough A 

C Q ^ abscissa of A 
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But the part of the ordinate below A will be lees tlian 
that represented by the numerator of the second member 
of tills equation, thus making the ratio less. 

114. Special cases. 

1st. Let the expansion be isothermal / then will 

|= = i-(l + %.r), (192) 

as given in equation (165) ; and 

Z=^r. (193) 

From these equations the following table has been com- 
puted, which is applicable Xx^ perfect gasea^ and superheated 
steam working expansively at constant temperature. 



r. 
1 


P^ 

Eq. (192). 
1.000 


Z. 

Eq. (193) 
1.00 


li 


.978 


1.22 


H 


.937 


1.41 


li 


.891 


1.56 


2 


.846 


1.69 


24 • 


.766 


1.92 


3 


.700 


2.10 


34 


.644 


2.25 


4 


.596 


2.39 


44 


.556 


2.50 


5 


.522 


2.61 


54 


.492 


2.70 


6 


.465 


2.79 


8 


.385 


8.08 


10 


.330 


3.30 


20 


.200 


4.00 



With these values of r and Z the locus A B may be 
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constructed, and the value of t found therefrom will give 
the required maximum for sensibly perfect gases. 

2^. Let the expansion he adiahatic^ according to the 
approximate law. 
Then 

and 

Z = 10 - 9 r""*' 
f i-om which the following table is computed. 



r. 




Z. 


1 


1.000 


1.00 


li 


.976 


1.22 


H 


.931 


1.35 


If 


.844 


1.54 


2 


.834 


1.66 


2* 


.784 


1.88 


3 


.678 


2.03 


31 


.620 


2.17 


4 


.571 


2.29 


4i 


.530 


2.39 


5 


.495 


2.47 


5i 


.464 


2.55 


6 


.438 


2.63 


8 


.357 


2.86 


10 


.303 


3.03 


20 


.177 


3.55 



Eesults found by constructing the locus A B from this 
table will be applicable to saturated steam expanding adia- 
batically. Other hypotheses might be assumed, and corre- 
sponding results obtained, but as extremely accurate results 
will not be expected in practice, the hypotheses of adia- 
batic expansion will answer for ordinary cases. 
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In regard to the Effieiency of Fluids we have in equation 
(191) k and h both zero, rendering that term indeterminate, 
and equation (190) reduces to infinity, as it should, since 
the cost of the steam is not included in the latter prob- 
lem, which condition only requires the most work per 
pound of steam entering the cylinder. This requires that 

ir={p^-F)rv, (194) 

shall be a maximum, and this is equivalent to making the 
numerator of the left member of (190) a maxinmm, and 
this is a maximum when the ordinate PiTis a maximum, 
giving Q for the corresponding value of r. Equation 
(194) is easily reduced for a maximum for the isothermal 
expansion of gases. For we have from equation (164) 

= [Pi +Px hgr ^ Fr] v,, 
which will be a maximum, when 

r=^, (196) 

that 18, the ratio of expansion 7/iu8t he such as to reduee 

the gross forward pressure to that of the hack resistance. 

If frictional resistances be neglected, -Fwill represent the 

back pressure^ which will be that of the exhaust steam ; in 

which case we have 

p^rv,=p,'o,\, 
or 

i>. '^^ = i>i ^1 ; 

or the work on the hack stroke will equal the work done 
hefore cuiroff ; hence, the useful work will equal the latent 
heal of eospansicn, 

EXERCISE. 

(The following exercise is an abstract of a paper by 
Messrs. Wolff and Denton, Transaction of tJie American Sr>- 
ciety of Mechanical Engineers (1881), 147, 281, except that 
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we assume that the engine was used 10 out of 24 hours, 

while they assumed that it was run continuously. It was 

an example of a Buckeye non-condensing engine.) 

^ ,. , i 26" diameter, ( 75.3 lbs. gauge, 

• Cyhnders j ^g. ^^^^^^ pressure | j^^ ,, ^^^ 



1. 



90.0 " absolute. 
10 revolutions per minute, working 10 hours daily. 
Assume clearance, c = 2^ per cent, 

Condensation = 30 per cent above that indicated, 
Back pressure = 16.7 lbs. 
Friction = 2.0 " 

.'.F= 17.7 lbs. 
Coal, 5 dollars per 2000 lbs. 
Evaporation, 9 lbs. of water per pound of coal. 
We have — 

CHARGEABLE TO THE BOILER : 

If the engine work full stroke, and no allowance be 
made for clearance and condensation, the cost of the coal 
per hour will be 

Vol. 1 stroke feet. Doable ttroke. Wt. 1 ca. ft. 

0.7854 X (26)' X 48 

T 728 X 2 X 600 X 0.21185 X 

Lbe. of coal per lb. Coet of coal dol- Dollars per 

of water. laiB per lb. hoar. 

i X W^T =10.415 

Add 2i per cent for clearance .260 

Sum = 10.675 

Add 30 per cent of $10,676 for condensation. ... = 8.202 

Add wages of fireman ($2.25), laborer ($1.25) . . = 0.146 

Interest on cost of boilers, 8500 X 0.06 -^ (365 X 24) = 0.058 

^ 1 8500 

Depreciation, say j^ X 3^^ ^ ^4 = ^'^^^ 

Repairs, if $190 per year = 0.022 

Sum = 14.185 
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CHARGED TO THE ENGINE. 

Assume cost of engine when set to l>e ${>000. 

Interest, $9000 X 0.00 -=- (305 X 24) = 0.063 

Wages of engine runner = 0.200 

Depreciation, say ^of 9000 -r- (305 X 24) . . = 0.042 

Repairs, say $150 per year = 0.017 

Oil and waste, say = 0.030 

Suni = 0.352. 
Then, 

i^_lT.7^ 1 

^, ~ 90.0 "" 5.09 

14.ia 5 X 1728 

A / 71 __ 0.7854 X (26)* X 48 X 2 X gPO X 0-21185 4 X 2 X 6'..^ 
k V 0.35y> nJ4 ^ 4.7 

0.7854 x' (26)* 

= 40.47 = o a 

F 40 47 _ 

O C X ^ = ^"^ = 7.95 = CD. 
])^ O.09 

In Fig. 50, lay ofL O C = 40.47 and C 2) = 7.95, and 

from the point D thns found draw the tangent D P, and 

from P let fall the perpendicular P Q^ then will Qhv 

the ratio of expansion for tliis case, which, for adiabatie 

-expansion, will be 

O Q=i 3.4. • 

In a class of forty students working independently and 
with different scales, the results differed only by two or 
three tenths, using the same law of expansion, a result near 
enough for practice in the present state of the science. The 
exact value may be found by trial and error, by substituting 
in expression (191). (Addenda.) 

(Literature. General solution by the late Profe&sor Rankine, PhU. 
Mag. (1854), 21, 176; Trans. Roy. Soc. Edinburgh Vol. XX., Part II.; 
8fUp Building ; Miscellaneous Scientific Papers, pp. 288-299. T?ie En- 
gineer, 1866, April 2d, p. 248, gives a modifleatioa of his graphical 
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method. Wolff and Denton, TraTiSMtion of the American Society of 
Mecfuinical EngineerH (1881), pp. 147-281 (and discussion by others in the 
same I'ransactiona) ; Trans. List. Civ. Eng., London, 1881-82, Vol. IX., 
Part II., 7o, Part III., 44 ; American Engineer, 1881, June, July, Aug., 
Nov. Emery, Jour, Frank. Inst., May, 1875. Marks, ibid., 1880, '83, 
•84. Thurston, ibid., 1880, '81, '83, '84. Wood, ibid.. May, 1884.) 

2. Let tlie dimensions of the engines and cost of plant lye 
as in the preceding exercise, the gauge pressure 70.3 lbs., 
10 revohitions i)er minute, working 24- hours daily, conden- 
sation 25 per cent, back pressure F. = 18 lbs., coal, evap- 
oration, oil, waste, and interest as in the preceding exercise ; 
also wages, except that they are for 12 hours instead of 1^ ; 
life of boiler 10 years, repairs $225 ; life of engine 20 years, 
repairs of engine $175 per year ; engine to run 300 days of 
the year ; find the most economical point of cut-off. 

3. If the cost of producing the steam be neglected, or A 
= 0, in Exercise 1, find the proper point of cut-off. 

4. In Exercise 1 if the " cost of the engine " be neg- 
lected, or i' ~ 0, find the proper value for r. (Use the left 
member of (100).) 

11 5, Multiple expaii8ions. — Engines are made 
with two or more cylinders, so arranged that after steam has 
done some work in one cylinder it may be exhausted into 
another, and from the second into the third, and so on, and 
the expansions continued in the successive cylinders. If 
two cylinders are employed, the combination is called a cotn- 
pound engine / if three cylinders, triple e,Tpaiis<ion ; if four, 
quadruple cvpai^aum. Since multiple expansions have come 
into practice, it might 1)0 well to drop the term compound^ 
and substitute double e.rj)a7islon. The cylinders may be 
arranged in any desirable manner. If placed end to end, 
having a common piston rod, they are called Uindem, They 
may be placed side by side, close to each other, or separated 
many feet and connected by a large i)ipe. The cylinder 
first receiving steam is called the liUjK pressure cylinder, and 
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has the smallest piston displacement per stroke, and tho 
others the low pressure cylinders, each increasing in size as 
they are more remote in the grade of expansion from the 
high pressure. In triple expansions, the smaller cylinder is 
called the hnjh prenHxire^ the next, the intermediate^ and tlie 
third or largest, tlie low jyressure cylinder. The high-presv^ 
nre cylinder may exhaust directly into the next one, or into 
a receiver, and in the same manner from the next 'cylinder, 
and so on. In some cases double expansion is accomplislied 
in three cylinders, the high-pressure cylinder being between 
the two low-pressure cylinders. 

If the fluid retained its state of aggregation, there would 
be no theoretical gain in expanding in two or more cylin- 
ders over that of expanding in one between the same Ihnits 
of temjxjrature ; but, on the other hand, there would l)e a 
loss, for the spaces between the cylinders sers'^c as clearances 
which must be filled with steam. Steam cards from multi- 
ple-expansion engines clearly show this loss ; yet experi- 
ence proves that there is a gain of efficiency. This is chiefly 
due to the fact that liquefaction of the steam is less when 
expanded in several cylinders, for the walls of the cylinders 
are kept at a more nearly uniform temperature, being more 
nearly that at which the steam enters the cylinder. 

There is also a mechanical advantage, since the initial 
stress on the crank pins will not be so excessive. AVith 
triple expansions, the initial stress on the crank pin may be 
about one-half or one-third of what it would be if expansion 
were made in one cylinder only. 

This arrangement also produces a more uniform rotation 
of the shaft, which in the case of vessels driven by propel- 
lers is favorable to greater efficiency of speed. So that if 
a single expansion and a triple expansion should show the 
same economy of fuel per horse-power, the triple expansion 
in the same vessel ought to show greater economy of fuel 
for a given mileage. 
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116. Condensation. — The laws which govern the 
liquefaction of steam in the cylinder are not well known. 
Theory recognizes three sources for the appearance of water 
in the cylinder : Jirnt^ water carried from the boiler to the 
cylinder in the form of a spray, in which particles of liquid 
water are mingled with the steam; second^ liquefaction pro- 
duced by the expansion of saturated steam ; and, thinly 
liquefaction j)roduced by the walls of the cylinder. The 
first pertains chiefly to the construction and management of 
the boiler ; the second has been discussed from a theoretica' 
standpoint by Rankine and Clausius, as stated in Article 98 
Eankine, in an example with assumed data, in M-hich thit 
ratio of expansion was 32^, found that nearly IS per cent 
of the steam entering the cylinder was liquefied during ex 
pansion from this cause {Misc. S(\ Papers^ p. 399). Theory 
shows that superheated steam loses nothing from this caust 
so long as it remains above the condition of saturation, and 
actual engines confirm this result. Calorimeter tests ol 
steam-jacketed engines have shown a total loss from lique 
faction of from 10 to 20 per cent. 

The third has been discussed by Professor Cotterell in hij^ 
work on The Steam- Engine^ pp. 246-269, in which he 
shows that this may be the principal cause of the loss of 
efficiency of the fluid. The 1 iws of conduction and radi- 
ation are not sufliciently well known to enable one to estab- 
lish a complete theory of liquefaction in this I'egard ; and 
if they were, the variations of temperature due to expansion, 
as well as the varying temperature of the walls from the l)e- 
ginning to the end of the stroke, would greatly complicate 
the problem. 

If the liquefied water be deposited upon the inner sur- 
face of the cvlinder, as it will be in the third case, it will 
facilitate the conduction of heat, and the result will be very 
different from the condition in which the water remains 
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distributed throughout the steam, as it is Buj)posed to be in 
the first and second cases named above. 

The reduction of temperature, due to the action of the 
walk, M^ould also have an influence upon the theory in- 
volved in the second case, in a manner which has not yet 
been considered. 

Initial condensation is that whicli takes place during the 
admission of steam, and is due chiefly to exposure to sur- 
faces colder than the steam, and is independent of the 
case investigated by Rankine. It can be reduced by keej)- 
ing the walls at nearly the temperature of the entering 
steam, and hence may be nearly prevented by a st^am-jacket, 
and in other cases may be reduced by late cut-off and high 
speed. The economy of high expansion is so well es- 
tablished by theory and confirmed by experience, when 
condensation is avoided, that other means than that of a late 
cut-off will be sought for preventing liquefaction. 

Theory does not enable us to compute the amount of 
condensation for any particular case ; it must, therefore, be 
determined by direct experiment. A few examples are given 
in the following notes. 

NOTES. 

117. Experiments on steam-engrines : 

(a.) Hirrts experimeixU, — By far the most complete set of 
experiments scientifically conduced were those under the 
direction of M. Him, by MM. O. Hallauer, W. Grosse- 
teste, and Dwelshauverse Dery, begun in 1873, and extending 
over several years. The results of the experiments are pub- 
lished in tlie Bulletin Special of the Societe Inchcstrielle de 
Mulhonse^ 1876. Smith on Steam Using contains a sum- 
mary of these experiments, pp. 188-285. 

(J.) ^avy experiments. — Mr. 13. F. Isherwood, while chief 
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engineer of the United States Navy, made extensive experi- 
ments upon the boilers and engines of several steamships 
of the navy, under the general direction of the Department 
of the Navy, which were publislied in two large volumes, 
entitled Experimental Researches in Steam Enyiiveeriiuj^ 
Philadelphia, 1863, 1865. 

Mr. Isherwood made the first attempt, so far as known, 
to determine the amount of liquefaction of steam in un- 
jacketed cylinders for various ratios of expansion. The 
experiments were made on the engines of the steamer 
Michigan^ in 1861, and showed a large amount of liquefac- 
tion, increai?ing at low speeds and high expansions. These 
were discussed by Rankine, and published in the Procetd- 
iuys of the Institution of Engineers^ Scotland, 1861-62. 

(<?.) Navy experiments — continued. — Messrs. Emery and 
Loring, in 1874, experimented on the engines of the United 
States revenue steamers Jiache^ Hush, Dexter, and GaJHa- 
tin, the reports for which were published by the Govern- 
ment, and also in Engineering, Vols. XIX. and XXI. 

From these and other experiments, some have concluded 

that, for unjacketed cylindei"S, it will be sufficient to allow 

for the liquefaction of steam in the cylinder, due to all 

causes : 

For fuU stroke, 12 per cent of the total feed water, 
2 expansions, 23 *' 



<< i( <( (( (( 



4 






36 " 












6 






54 " 












8 






67 " 












10 






72 " 












12 






75 " 










* 


(American Engineer, 


1884, 


May 23, 


p. 


207.) 









For dry steam at high temperatures these allowances are 
probably much too large, although they may sometimes be 
realized with saturated vapor. 

{d) Experiments at the Ste^cejis Irjstitute, Messrs. Gately 
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and Kletzscli experimented upon a Hams-Corliss engine hav- 
ing an 18-incli cylinder, 42-inch stroke, for the purpose of 
determining the laws of condensation under diifei'ent condi- 
tions. The engine was not jacketed, but was covered with 
lagging and a non-conducting substance. Thej' found that 
if 

y = cut-off = 0.13. then, cylinder condensation = .r = 50 

*' = 0.225 '* ** •* ** = 0.41 

•' = 0.33 •• " " *' = 0.84 

" = 0.45 " " " " = 0.27 

" = 0.59 *• *' " *• = 0.225 

which values are well represented by the ei^uation 

{x + 0.12) (y -f 0.44) = 0.3543. 

If 2 = the area of the surface exjx)sed in square feet and 

X the per cent of condensation, as before, the experiments 

gave 

xz — 1.026 X - 4.77 2 = 221.36. 

Varying boiler pressures gave 

p = pressure — 80.00 pounds, x = per cent cvl. condensation =r 35.24 
= 66.85 •* " •* *•• *' = 47.83 

= 52.33 " " " •* ** = 86.84 

= 37.00 " '* " " " = 41.43 

= 22.30 " " " " •' = 41.19 

which may be represented by the equation 

a; = 45 — 0.1266 j^. 

{Graduation Tliems, 1884; Jour, Frank. Inst., 1885, Oct., Nov. and 
Dec.) 

Messrs. Blauvelt and Haynes, by calorimeter tests upon 
the engines of the steamship Hudson of the Cromwell Line, 
found in some cases only 10 per cent of liquefaction when 
the cut-off was -j^^. The pistons were 48 inches in diam- 
eter, stroke 6 feet; steam-jacketed cylinder; 800 horse- 
power engine. (Th^sis^ 1886.) 

The experiments of Mr. James S. Merritt upon a small 
direct-acting steam pimiip, at various piston speeds, the di- 
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ameter of the steam cylinder being eight inches, and the 
stroke about 9^ inches, gave the following results : 



Water consnmod 
per I. U. P. per hour. 



Doable ntrokes 
per minute. 



Indicated hone- 
power. 



Steam condensed 



10 
20 
80 
40 
50 



1.25 
2.36 
3.63 
4.92 
5.34 








in cvlinder ; per c«^t 
or the feed watijr. 


Calculated 


Actual 


poundt*. 


poundi}. 
114 




46 


60 


50 


89 


43 


48 


100 


52 


48 


75 


36 


51 


88 


40 



{Thesis, 1886.) 

These results are not as uniform as is desirable in such an 
experiment. The one for 20 strokes appears to be excep- 
tional. 

Messrs. McElroy and Parsons, in their test of the boilers 
and compound engines of the tug Blue Bonjiei found 
that 37 per cent of the feed water was unaccounted for by 
the indicator cards. The cylinders were, respectively, 19* 
X 22* and 22* X 22*. The cards indicated that twenty 
pounds of water per hoi'se-power per hour were consumed. 
Boiler pressure, 70 lbs. {Thesis, 1887.) 

{e) Cylinder co7ulen4iailon, A series of experiments to 
letermine the amount of cvlinder condensation were made 
by Major English, England, and published in Engineering, 
1887. It is, however, questionable whether they are of 
umch practical value, since the conditions do not conform to 
actual practice. 

118. Miscellaneous: 

{f) The weight of steam required by an engine is in- 
dicative of its efficiency. Eighteen pounds per horse-power 
per hour is very good practice. Tliirty-five to fifty pounds 
is common in ordinary practice. 

(r/) At Calumet, Mich., an engine was tested working at 
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about 600 horse-power, for over ten days, wliieh ran witli 
16.3 pounds of feed water. {Am. Soe, Mechanical Engi- 
neers^ Discussion, Hartford meeting, p. 14.) 

(A) In a three days' test of the steanisliip Para^ having 
triple-expansion engines, the actual weight of steam con- 
sumed per I. II. P. per hour was ]3.4r lbs. Adding 15 per 
cent for initial condensation gives 18.5 lbs.; coal, 1.54 lbs. 
per indicated horse-power ; evaporative power of the coal, 
12.0 lbs. from and at 212"^ F. The Stelln consumed 13.7 
lbs. of steam per I. II. P., with 1.36 lbs. of coal whose 
evaporative power was 13.9 lbs. of water from and at 212° 
F. {Proc. Institution MecL Eng,, 1886-87, pp. 492-506.) 

(0 Larg0 Ocean Steamers. 



Length, feet 

Breadth, " 

Dispbicement, tons 

Indicated H. P 

Sp«.*d, miles per hour 

CcMil. per day, tons 

Coal per I. H. P 



Cylinders ^^^^"^•'^'^^ 
( Stroke. " 
Steam pressure, lbs.. . 



Cit\fqfRome. 



542.5 
52.0 
11230 
11890 
18.2 
185 
2.2 
8@46 
3(^86 
72 
90 



Vmbria and 
Ltruria. 



500 

57 

9860 

14321 

20.2 

315 

2.1 

1 @ 71 

2 @ 105 

72 
110 



Servia. 



515 

52 

10,960 

10,300 

17 

205 

2 

1 @ 72 

2 @ 100 

78 



{j) In the year 1840, the time of crossing the Atlantic 
Ocean in a steamship was about 13 days. 
The recent short passages have been : 

City of Home 6 d. 

Oregon 6 d. 

Etruria, ... 6 d. 

{ScriJmer'a Magazine^ 1887, p. 315.) 

In 1887, beginning May 28th, the time of the TJmbria 
was 6 d., 4 h., 12 m. In 1888, beginning May 24th at 
Queenstown, the time of the Etruria was 6 d., 1 h., 55 m. 



18 h. 


Om. 


10 h. 


35 m. 


5 h. 


31 m. 
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Distance, 3028 miles ; average speed, 20.7 miles per liOur. 
On June Ist the average speed was 24.08 miles per hour* 

(k) Count de Pambonr represented that the friction of an 
engine increased with the load, the expression for tlie resist- 
ance being of the form 

in which a? is a coefficient, greater than unity, 7? the varia- 
ble load, and B^ the resistance of the unloaded engine. 

But Mr. Charles T. Porter, about 1871, wrote that *' ex- 
periments with a friction brake have shown no appreciable 
diflEerence between the losses of power in friction when verj' 
small and very large loads were driven by the same engine. 
{American Machinisty Dec. 25, 1886, p. 8.) 

The result of Porter's experiments has more recently 
been confirmed by several other experimenters. {Trans, 
Am. Soc, Mech. Eng., Yol. YIL, pp. 86-113.) 

(Z) The Stiletto is a torpedo boat 95 feet long, weighs 
28 tons, develops 450 II. P., having 16 H. P. per ton of dis- 
placement, works with 150 pounds pressure, ran 30 miles in 
77 minutes, or an average of 23.7 miles per hour, passing 
the Mary Powell^ hitherto the fastest boat on the Xorth 
River. The highest speed attained is not given. {TTie 
Mech, Eng,^ June 27, 1885.) 

(w) The compound locomotives tried on the Boston and 
Albany Railroad failed as economizers of fuel, and were 
changed to the ordinary fonu. 

(ri) Steam pre88iire used in marine engines has gradually 
increased at an average rate of more than two pounds per 
year for many yeai's. The following values are given in 
Scribner'*s Magazine for May, 1887. 



2 to 8 pounds. 


5 




8 




10 




14 




21 




25 




80 




40 




60 




ao 




70 




80 
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1825 ^ 

1880 

1835 

1840 

1845 

1850 

1855 

1860 

1865 

1870 

1875 

1880 

1882 

l^m///^'.'.y///////////////^y/.'/. /..'//.. isotoiao 

The writer does not clearly state why these particular 
values are given. Some, though relatively few, steamships 
carry 160 pounds pressure, and if this be the highest, then, 
on the same plan, the highest for preceding years ought to 
have been given. Many locomotive boilers carry 160 pounds 
pressure, and have done so for several years. 

(o) Ideal efficiency. It is sometimes convenient for refer- 
ence to have an ideal maximum efficiency for steam powers. 
Assume, then, that the steam pressure is 200 pounds per 
square inch by the gauge, and that the back pressure is 
one pound per square inch absolute, and that the forward 
pressure decreases to one pound absolute ; then will the 
temperature corresponding to the higher pressure be 383° 
F. and to the lower 102° F. ; and the maximum efficiency 
when working between these temperatures will be 

382 ^ 102 _ 280 _ . 

382 + 460 "" 842 " ' ' 

which is somewhat less than ^. To realize this result 
would, according to the approximate adiabatic law, require 
about 118 expansions, which fact alone shows that such an 
efficiency is far beyond existing possibilities in a working 
engine. The waste of heat in the furnace of, say, 25 per 
cent, loss of pressure between the boiler and the engine, 
loss of heat at the exhaust, and other losses reduce the 
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efficiency of steam plants below 18 per oent of the heat 
energy of the fuel. 

(j)) Quadruple'expanmon eiighies. In the Avieneaii 
Machinist of December 3d, 1887, is an article taken from 
London Engineering^ describing a system of quadruple- 
expansion marine engines, which have been placed on sev- 
eral new steamers. The boilers for these engines are de- 
signed to carry 180 lbs. pressure. It is claimed that these 
are 6 to 8 per cent more efficient than triple-expansion en- 
gines. 

(y) Efficiency of plant. Take the case of the steamship 
Ohioj of the International Steamship Company, which has 
triple- expansion engines of 2100 I. II. P., the gross tonnage 
of the vessel being 3325 tons. The engines were guaranteed 
to consume not more than 1.25 lbs. of coal per I. H. P. j^er 
hour. The cylinders were 31 in.^ 46 hi., 72 in., and 51 in. 
stroke. 

The trial trip developed an I. H. P. for 1.23 lbs. of coal.* 

The calorific capacity of this coal is not known to us, but it is 
quite certain that on such a trial the best of coal would be used. 

If the heat of combustion was 15000 thermal units — 
which is a very high value — there would have been ex- 
pended 

1.23 X 15000 = 18450 thermal units 

per hoi'se-power per hour, or 

18450 X 778 = 14354100 foot-pounds 
of energy to produce one horse-power, or 

38000 X 60 = 1980000 foot-pounds 

of work per hour, in which case the 

^ . . J , 1980000 ^.,„Q 

eJfiGiency of plant = ^^g^^^^Q = <^-138, 

or nearly 14 per cent. 



* The Mechanical Engineer, Sept. 10th, 1887, pp. 49. 50, taken from 
In/lufttnes 
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If the coal contained 14000 thermal units — a fair value 
for very good coal — the 

^ . /. 7 , 1980000 ^,.^ 

efficiency ofphmt = j^^^^^f^ = 0.148, 

or nearly 15 per cent. 

The boilers would naturally be in excellent condition for 
such a trial, and if they, including the steam connections up 
to the steam-chest, gave an efficiency of 75 j>er cent, then 
we would have for 

13.8 
effici^ncf/ of the engines only^ ~^r^ = 0.184 in former case 

^^'^ = 0.197 " latter '' 



75 

If the efficiency of the boiler and connections were 7(* 
per cent — a fair value — the efficiency of the engines would 
be 0.197 in the former case and 0.211 in the latter. 

It is a remarkably good plant that will produce an indi- 
cated horse-power with 1.23 pounds of the best coal 
While it is well known that such a trial may be so con 
ducted as to give a result too favorable to the contractors — 
by not giving proper credit to the heat generated just 
before starting, or by letting the fires run too low at the 
close, or by not standardizing the indicator, &c. — yet, on 
the other hand, the proprietors of the vessel would naturally 
check all the conditions so as to determine for themselves 
if the terms of the contract were fulfilled. We therefore 
feel some confidence that marine steam plants have been 
made that have developed an actual efficiency of some 14 
or 15 per cent ; and certainly the conventional 10 per cent 
efficiency used by popular Avriters is exceeded in some 
cases. 

Tests of commercial coal taken at random show that the 
heat of combustion frequently falls below 12000 thermal 
units per pound. Ocean steamships have been reported as 
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developing an I. II. P. per liour with '2.1 pounds of coal, 
and in some cases with less than that amount ; hence if this 
coal contained liiOOO thermal units, the efficiency would be 

19800000 _^.^-, 
196000000 ~ ' 

or over 10 per cent. 

If the initial pressure in the cylinder were 160 pounds 
to the square inch absolute (about 145 gauge pressure) and 
back pressure 3 pounds, and the steam saturated, then 
would the initial temperature be 363° F. and the lower 
142° F., and if this heat were used in a perfect elementary 
engine between tliese limits, the efficiency would be 

368 - 142 ^ _. 
^ == 363 + 460 = ^•^^^^' 

and 70 per cent of this is 0.1876, which is nearly one of the 
values found above. 

(/•) The torpedo boat Ariete^ built for tlxa Spanish Gov- 
ernment, has twin screws and compound engines, 14^', 24^", 
by 15" stroke. Average boiler pressure, 152 lbs., revolu- 
lutions, 395 per minute, developing 155 H. P., and steam- 
ing 24.9 knots (28.8 miles) for two hours continuously. 
One measured mile was run at the rate of 26 knots (30.1 
miles) per hour. 

{s) Steamer AnthraciU^ in 1880, had triple expansion en- 
gines. 

Pounds of water per I. H. P. per hour 21.68 

Evaporation per lb. of coal at and from 212° 9.27 

" ** " " combustible " " 11.25 

Steam-pressure in the boiler, gauge, lbs 216.5 

" " " 1st cylinder, gauge, lbs 201.6 

Terminal pressure in the 3d cylinder, gauge, lbs. . . . 9.55 

Expansion, times 25.7 

(.'oal par I. H. P. per hour, lbs 2.61 



^ ^A. 



^ 



STIKLING'i! IIOT-AIB ENGINE. 



HOT-AIR tNGINES. 

119, Stirling's (or Laubereau's) Hot-air En- 
gine. This engine was invented by Dr. liobert Stirling 
about the year 1816, and improved by his si>ti, Mr. James 
Stirling ; for the detaik of which see P mceeiliiMjit of the 
Iiuitltittlim of Civil Emjin^-irn. 1S4j. It was further im- 
proved by M. LaQl>ereau, the fonii of 
which is shown in Fig. 51. It oonsists 
of two cylinders of diiferent diame- 
ters, having a free communication be- 
tvi-een them. The smaller ])iston, R, 
Fig. 52, is the working jjiston, and 
drives tlie engine. The larger piston 
(ir plunger, A, is made chiefly of jjla-ster 
of Paris or other non-tiondnctor of heat, 
and is somewhat smaller tlian the l>ore 
of the cylinder, so that the air may jKisa fi"- 51. 

freely past it. Also an' aimular space 
about the cylinder is filled with thin plates or small wires 
which heat quickly as the hot air j>as6es among them, 
and as quickly give up their heat to the cold air on its 
return. This device is the regenerator referred to in 
Article 105. The top of the cylinder at V may be made 
double to admit of the passage of water ; or, what is bet- 
ter, the upi>er end of the cylinder may be filled with an 
extensive coil of small copper tubes through which water 
is made to flow by means of a force-pump worked by the 
engine, the object being to maintain a low teui])erature 
in that end of the cylinder, and thus cool the air at that 
end, and hence is called the refrigerator. The objcctof the 
plunger is to transfer a mass of air from one end of the cyl- 
inder to the other and back again, and so on alternately, which 
is accomplished by the reciprocating motion of the plunger. 
The plunger is sometimes called the displacing piaUm. 
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The plunger, ^1, 13 operated hj a cam so constructed and 
arranged that when the piston, i?, is near its upper dead 
point, the plunger will he driven very quickly to the lower 
end of its wtroke and remain there until the piston descends 
to near its lower dead point, when the plunger will be 
driven quickly to the upper end of its stroke. 

The cylinder containing the plunger is called t/t^ receiver. 
The mass of air in the entire engine is constant, and is bo 
maintained hy a p:nall air-pump worked by the engine, 
forcing air into the passage J). The mass of air in the 
lower part of the receiver, and which is referred to as being 
below tlie i^lunger, when the plunger and piston are at th<i 
upper ends of their strokes, is called the working air^ and ah 
the other air is called c^ishwn air. These masses of air an* 
not separated, neither do they keep entirely separate fron- 
each other, but intermingle somewhat. When both pistona 
are at the upper ends of their strokes, the entire mass of air 
will have its greatest volume, and that which we consider 
working air will have its greatest volume ; but when the 
plunger is up and piston down, some of that which we call 
cushio7i air will be forced into the lower part of the re- 
ceiver, and thus become virtually working air. This latter 
quantity will be variable, and will not be considered as 
working air. 

The cushion air will be at nearly uniform temperature, 
and will be considered the same as that of the refrigerator. 

To make this engine double acting requires two receivers 
having plungers working in opposite directions, one receiver 
being connected with the upper end of the working cylin- 
der and the other with the lower. 

130. Theory of Stirling's Engine, or of a hot- 
air engine in which changes of temperature 
of the working fluid are made at sensibly con- 
stant volume. In this analysis we avoid the refine- 
ments which would result from following exact conditions 
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by assuming ideal conditions, whtcli will represent approxi- 
uuitely tlie real ones. For this pnrpose we make the follow- 
ing assnmptious : 

(a) That the working air is that under the plnnger when 
lioth the piston and plunger are at the upper ends of tlieir 
strokes, and the working air \& at its highest temperature. 

(i) That the cushion air remains at constant temperature — 
thus neglecting the fact that a part of it enters the receiver 
and virtually becomes working air. 

(f) That the mass of working air is transferred instantly, 
and tliat the changes of its temperature are also instanta- 
neous. 

{d) The air in the clearance at the lower end of the re- 
ceiver is discarded, but miglit be included in the cushion air. 

Other assumptions will be made as the subject is de- 
veloped. 

In Fig. 53, let A represent the state of the working 
fluid when at its least volume and greatest pressure ; in 
which condition the teraperatwre will be greatest and the 
working pbton will be at the bottom of its stroke, the 



r A PE 




volume in tlie receiver and clearances being R E. As 
the working piston rises, the plunger remaining at tlie 
top, the air will expand at a constant temperature to the 
state B, the path of the fluid being the isothermal A B. 
Now let the plunger be suddenly depressed — tlie working 
air will at once be transferred to the upper end of the re- 
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ceiver and there cooled by the refrigerator. If the piston 
were stationary, the volume of the working air would di- 
minish and its p(ith would be some line inclined to the left 
oi B C\ but in order to secure the ideal condition of a 
change of temperature at constant volume^ conceive that the 
motion of the piston is so regulated as to relieve the pres- 
sure on the working air in such a way as to make the path 
of the fluid a straight line, B (7, perpendicular to the axis 
of volumes. 

To accomplish this, the working piston must sweep over 
the volume X Y while the pressure is falling from B t^ C. 
When the piston descends, sweeping over the volume Y TT, 
the working fluid will be compressed at the constant tempera- 
ture of the refrigerator to the state 2?, the path being the 
isothermal C D, At the state 2?, let the plunger be sud- 
denly raised to the top of the receiver, while the piston 
moves according to such a law that the change of tempera- 
ture will be made at constant volume. A B C D will be 
an ideal diagram of the working fluid under the conditions 
imposed. The motion here imposed upon the piston is only 
a rough approximation to its actual motion. 

Prolong C B to P \ then will li P he the greatest vol- 
ume of the working air, which, according to the hypothesis, 
occupies the lower part of the receiver when the piston is 
near the upper end of its stroke. Between the plunger, 
when at the upper end of its stroke, and the piston, when at 
its lower end, will be the space at the upper end- of the 
receiver, the space in the ports and passage J9, Fig. 52, and 
the clearance below the piston B. Take P E to represent 
the volume of these spaces. The diagram shows that with 
this arrangement none of the so-called working air will 
enter the working cylinder, and the latter may be kept cool 
to facilitate lubrication. The volume P E should, in prac- 
tice, be small compared with the volume of the lower part of 
the receiver, say from 5 to 15 per cent of the volume KB. 
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To find the path of the cushion air, take R F^ A E\ 
then, according to supposition J, the equilateral hyperbola 
FJ will be the isothermal representing the changes of 
pressure and volume of cushion air. If the weight of 
cushion air was the same as that of the working air, F J 
would fall upon D C\ but as it is generally less, it is placed 
below. 

To construct the ideal indicator diagram, make AE-=-RF^ 
B N=: KG, GQ = MI, DU^ LH\ then will E, 
N, Qy IT he comers in the ideal diagram that should be de- 
scribed by the working engine under the conditions imposed. 
In an actual diagram the comers are rounded. 

To find the efficiency, let 

r, = the highest absolute temperature of the working air, 

r, = the lowest " " " " " 

r = the ratio of expansion. 

Since the gas is sensibly perfect, and the expansion along 
A By Fig. 53, is isothermal, we have, for the heat absorbed 
from the furnace, equation (36), 

H, = Rr^hg^- = Er^logr\ 

and for the heat rejected along G D, 

II^ = R r^Ug -^ ^ R r^log T\ 

and for that absorbed along D A from the regenerator, 

equation (37), 

E, = G, (r, - r,), 

and rejected along B G, 

H, = G, (r, - r.). 

The heats H^ and H^ cancel each other. In practice it is 
found that a certain amount of energy is lost in the regener- 
ator, as stated on page 167, which we represent by 

n Cv (r, — r,). 
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The heat transmuted into work per pound of working 
air per revolution will be 

jr= ^, + //. - //, - 77, = 122.5 (r, - r,) log^^r, (201) 
foot-pounds. ^ 

If the regenerator were perfect, the eflSciency would be 

■^=;^ = -T^' (202) 

which is the same as that of the perfect elementary engine- 
Allowing for the imperfection of the regenerator, and let- 
ting XT be the work actually performed by the motor per 
pound of air, we have 

•^-//. + 131n(r.-r,)- 

The dimensions of an engine must be found in design- 
ing it. 
Let, in Fig. 53, 
^, with the subscript of the letter at a comer of the 

diagram, represent the pressure at that comer ; 
-y, with the same subscript, represent the volume ; 
r=- K B -T- R A = ratio of expansion of the working 

air ; 
q:= R E -^ R A = ratio of the total volumes in the 
cylinders, passages, and clearances, when the work- 
ing piston is on its lower dead centre to the least 
volume of working air. 
All the volumes have reference to one pound of working 
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If 8 be the ratio of the mass of working air to that of 
the cushion air, and r, the absolute temperature of the iso- 
thermal ^e/, we have 

li r^ = Pf. 8Vf = Pf^ . 8Vf^ = j>i . 8Viy &c. (206) 

Vr, = v^; Va = v^; Pt—P^\ i>i =i>c- (207) 

From these we find — 



t?a v^ A i>c ^f ^h 

PressureSy 



(208) 






Volumes per pound of the working air — 

T. 



Pd = -^A- (209) 



i>, = «4 = 53.21 



v^, =■ v^ = r v^ =■ 53.21 



r r, 
-P» J 



(210) 



FbZwntes ^ cushion air, per pound of working air, 

v,=AE = {<i-l)v, = i^ v„ (204), (210),. 

Vg= rvt = (y — l)iJb 

«. = ^' «r = ^ Vr = (? - 1) -J- v„ (206), (207). 

Total volumes, — 
«. = ■». + «f = -^ ■"b" 

% = ^c + ^'i = (l + (?-l) y-) 
.«„=«, + ,,„= (l + (y-l)^jl» 



(211) 

(212) 
(213) 

(214) 



«b- 



J 



(215) 
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Also 

Mass of cushion air __ v^ __ , ^. r^ fo'ia\ 

Mas8 of working air ~ Wb ^j 

Volmne sioept through hy the piston per pound of 
working air per stroke — 

«,-«e= [l + (?-l)^--f]«'b- (217) 

If there be given, instead of the ratio of expansion, the 
ratio of the volume swept through by the working piston to 

that swept through by the plunger, or —3 ^, then r may 

be found from equation (217), giving 

r = h — :: — 7. • (218) 



l+(?-l)-f 



v^ — v. 



If q is not given, find an approximate value of r by mak- 
ing q=r, giving 

r = !!i.Zl^ . Jlu + 1 ; (219) 

the correct value of which will be somewhat less than the 
value thus found, and q will be somewhat greater. Assume 
q about 2 to 5 per cent more than the value of r found 
from (219), and find the correct value of r from equation 
(218). 

If the piston remained on its dead points while the 
plunger was moving, and the plunger on its dead point 
while the piston was moving, the indicator diagram, and the 
diagram representing the changes in the working fluid, 
would be as shown in Fig. 54. The approximate analysis of 
this case presents no serious difliculty. 

121* In desig^uing an engine of the Stirling type, 
the horse-power to be delivered and the number of revt>lu- 
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tions per minute must be known, in addition to the data al- 
ready assumed. The number of revolutions will be limited 
by the piston speed and the length of stroke. The average 
piston speed may be between 100 and 200 feet per minute. 
One of Stirling's engines, having a four-foot stroke, was run, 
iu actual practice, at about 23 revolutions per minute, giving 
an average piston speed of about 221 feet per minute. 

An air engine, reported upon by M. Tresca, had a stroke 
of 0.4 m. (1.3 ft.) and made about 90 revolutions per min- 
ute, giving a piston speed of about 120 feet per minute. 

The large air engines in the steamer EAcason had an 
average piston speed of 108 feet per minute. 

Let N = the number of revolutions per minute, 

S = the average piston speed, 

I = the length of stroke of the piston, 

h = number of horse-power required of the engine, 

W = the work required of the engine per minute ; 

then, 

S=^Nl (220) 

Tr= 33000 A. (221) 

Let w = the number of pounds of working air required ; 
then, since the work done by one pound per revolution will 
be theoretically, the value of U in equation (201), we have : 

w = -^. (222) 

But the actual work U will be less than the theoretical, 
and we will assume it to be 0.7, the theoretical. (In de- 
signing it is better to assume too small a fraction rather than 
too large.) Then 

33000 h ,^^o , 

^ = 0.7 X 122.5 (r, - r.) log r X T' ^^^^""^ 

If r be assumed, the weight of air in one cubic foot will 
be, (205), (210)., 
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The initial pressure, p^^ may be assumed, since it can be 
produced and maintained by the air pump in connection 
with the heat derived from the furnace. 

The volume of the lower part of the receiver wiU he^ 
(223), (222), 

:^-^ w cu. ft. (223a) 

Assume tlie stroke of the phinger to be y l^ in which y is 
a fraction, say J, f , or ^ ; and A its area ; then 

y I . A =z '- w ; 

... X= 53.21 !1IlJ?. (224) 

The vohime swept through by the piston per pound of 
working air per stroke being given by equation (217) and 
the stroke, i, having been assumed, we have for 

tJie section^ B^ of the working cylinder^ = -3—^ — - 1^, 

or 

^ = [l + (y -1) li- - X] J!^, (217), (225) 

in which q will exceed r, and will be assumed. 
If —^ ^ be given, instead of r, first find r approxi- 

mately by equation (219) ; then assume q greater than r, and 
find r by (218), after which proceed as before. 

T/ie mean effective pressure for the single-acting engine 
is such an uniform pressure as would, if acting throughout 
the upward stroke, do the same work as is done by the fluid 
during one revolution of the engine. Since w pounds of air 
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does the work w U during this time, we have 



EXERCISES. 

1. Let T; = 600*" F. ; r, = 120° F. ; p^ = 120 lbs. per sq. 
in. ; stroke of working piston, 2^ feet ; 30 revolutions per 

minute ; — 5 = J = tlie ratio of piston displacement 

to plunger displacement ; and 6 horse-power be developed. 

Find 

r, = 1060° ; r, = 580°, omitting decimals. 

-'- = 1.83 ; -^ = 0.55, nearlv. 

T = 1.275, approximately, (219). 
Assume q = 1.30 ; 

then r = 1.25, (218). 

U = 5693 ft-lhs., (201). 

JE = 0.453, (202). 

F' = 0.317, if 0.7 K 

p^ — 17280 lbs. per sq. ft. (given). 

Vy, = 4.08 cu. ft, (210),. 

v^ — v^ =z 2.04 feet. 

Pounds of air y w = 1.0, nearly, (222), theoretical, 

or, w = 1.43 lbs., (222a), practical. 

2 336 
Section of plunger y A = — ^— - sq. ft., (224) ; and if y = J, 

then 

Diameter of plunder = 2.46 feet. 

Section of piston ^ = 1.17 sq. ft., (225). 
Diumeter of piston B = 1.23 feet. 
Mean eff^ective pressure^ p^ = 2755 lbs. per sq. ft., (226). 
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Find also the numerical values of v^^ v^, v., v^, Vg, /a,, 
and Pq. 

2. In a double-acting engine made by Stirling, hav- 
ing a piston 16 inches diameter and a stroke of 4 feet, 
making 28 revolutions per minute, it was found by calcula- 
tion, and also by means of a friction brake, that the work 
done per minute on the piston was 1670000 foot-pounds. 
There were passed through the refrigerator 250 lbs. of 
w^ater per minute, and its temperature was increased 18° F. 
while passing. Assuming that the heat, except that doing 
mechanical work, was absorbed by tlie water passing 
through the refrigerator ; find the foot-pounds of heat ab- 
stracted by the water, the efficiency of the fluid, provided 
seven tenths of the heat were abstracted by the refrigerator; 
the horse-power of the engine ; and the foot-pounds of heat 
unaccounted for by the absorption of heat by the water in 
the refrigerator. 

3. In the engine described in the preceding Exercise, 83 
pounds of coal were used per hour, possessing an estimated 
thermal capacity of 11580 B. T. U. ; find the efficiency of 
the plant ; also of the furnace, if that of the engine be 0.3. 

Ans. Efficiency of plants 0.133. 
Efficiency oi furnace^ 0.44. 
From this it will be seen that the efficiency of the furnace 
is considerably less than that of the steam boiler, w^hich, in 
good condition, may be assumed to be between 0.60 and 
0.75. The efficiency of the plant is nearly equal to that of 
the most efficient steam plants of the present day. See 
page 201. But exact comparisons cannot be made, for the 
thermal capacity of the coal is not known with sufficient 
exactness, nor the comparative physical pi'operties of air and 
steam in regard to conductivity. 

122. Ericsson's Engine, in which tlie cJia/nges of 
temperature are nujde at constant pressure. About the 
year 1833 John Ericsson constructed in London a so-called 
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" caloric engine," which attracted much attention, especially 
from scientific men ; but it was not a commercial success. 
His efforts at producing large engines of this class cul- 
minated in making in New York, in 1863, a vessel of 2200 
tons, called the Ericsson^ in which the motors consisted of 
four immense caloric engines.* (For dimensions, see Exer- 
cise 1, following.) After experimenting with these weak 
giants — ^giants in size, but weak in power — they were aban- 
doned ; but he produced another hot-air engine,f which was 
extensively introduced in various parts of the world ; still, 
after a few years, many of them were removed and replaced 
by steam engines. Their great bulk, the noise attendant 
upon their working, and the rapid destruction of their fur- 
naces, were prejudicial to their general use. More recently 
Captain Ericsson has designed a small hot-air pumping 
engine, which is being extensively used, the principles of 
which we will consider. 

123, Description. Fig. 55 is an extenial view of a 
small hot-air, Ericsson pumping engine, and Fig. 56 is 
a sectional view of the same. Within a cylinder of uni- 
form bore are two pistons, A and jB, of which B is the 
driving piston and operates the mechanism in a manner so 
clearly shown as not to need explanation. The lower piston, 
A^ which we will generally call the plunger^ is made of 
some substance which is practically a non-conductor of 
heat. Its office is to transfer a body of air from the space 
below it to the space above, and back again, and so on alter- 
nately, and for this reason is known as the displacing, or 
transferring, piston. In the position shown, the plunger A 
is at the upper end of its stroke, and the piston 7?, being 
governed in its speed by the crank Z, is moving most rapidly, 
and is driven by the expansion of the air in the lower part of 

* Joumcd cf ArU and Science, Sept., 1883. 

f ContribuUon to ths Oentennial Exhibition, 1875, by John Ericsson, 
pp. 425-38. 
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the receiver d. The plunger remains nearly stationary, de- 
scending bnt little while tlie piston completes its upward 
stroke. The air in the upper part of the receiver ie cooled 
by the water which has been raised by the pump r circulat- 
ing in the annular space xx, so that the water raised for 
other useful purposes acta as a refrigerator of the engine. 
During the earlier part of the return stroke of the piston, 
the plunger descends a little faster tliau the piston, main- 



1 



taining a nearly unifonn pressure upon tlie piston while air 
is transferred from below the plunger to the space above, 
the volume and temperature both decreasing. When the 
piston has reached about the position shown in Fig. 56 on 
its downward stroke, the plunger will have reached the 
lower end of its stroke and all the working air will have 
been transferred above and its temperatnre maintained at 
its inferior limit while it is comprcMsed by the completion 
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of the downward stroke of the piston B ; after which the 
plunger will rise to the position assumed at the beginning of 
this description, during which the working air will be trans- 
ferred to the lower part of the receiver, and its temperature 
and volume both increased at nearly constant pressure. 
The mass of air in the engine is constant. 

124. Analysis. Fig. 57 is a copy of an indicator 
diagram taken from a 'small engine of this class in Stevens 
Institute of Technology. It will be seen that the changes 
of temperature at constant pressure are clearly indicated, 




FIG. 57. 

and the isothermals, being nearly straight lines, show that 
the variation of pressure is small compared with the change 
of volume. 

Assuming that the change of state from that of constant 
pressure to that of constant temperature is instantaneous, 
the diagram of one pound of the working fluid may be rep- 
resented by D E F G^ Fig. 58. F will represent the 
state of the working fluid at its highest temperature, r„ 
greatest volume and least pressure ; hence the plunger and 
piston will both be at the upper ends of their strokes in the 
ideal case ; and the mass of air below the plunger will be 
considered as working air, and all the other air ciishion air, 
I F will represent the volume of one pound of working air 
at its highest temperature, and corresponds to the space 
below the plunger. Let F Fi to the same scale corre- 
spond to all the space above the working air ; then will 
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I F^ correspond to the entire volume of the cylinder per 
pound of working air. The cushion air being supposed 
to remain at the inferior limit of temperature, take 11^^=- 
F F^ and construct the isothermal L Kfor the temperature 
T„ to represent the path of the cushion air. Make D D^ = 



KDEDiEi 




FIG. 58 



FIG. 59. 



BJi:= EE,, G G,= IL\ then will D, E,F,G^he the 
real indicator diagram of the engine. If 2?, falls to the 
left of Fy the piston at the lower end of its stroke will pass 
into the space occupied by the working air at its greatest 
volume. 

Let r, be the absolute temperature of the isothermal E F, 
and r, that of D ff, and C^ the dynamic specific heat of air 
at constant pressure; then will the heat absorbed per 
pound of air be, from state D to state E^ 



H. = <7p (r. - r,) ; 



along E F, 



II. 



•,/(-|£).,=^.,^^ 



along F Gr, 
along GD^ 



= R r„ hg, r, Eq. (36) ; 



-^,= - Rr^log^r\ 
hence, the work done per pound of air per revolution, if 



> 
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the conditions were perfect, would be the sum of these, or 
' U = 122.5 (r, - r,) log,,T. (227) 

, Efficiency of fluid'' 

^=-7T- = -^^ ^; (22S 



or the efficiency would be the same as that of the per- 
fect elementary engine. There being no regenerator, a 
large amount of heat will be lost .in passing to the re- 
frigerator and carried away by the water, which will not be 
restored, and if this be represented by n C^ (r, — r,), as 
on page 167, the efficiency would be 

in which the value of n is not known, but may even exceed 
unity in this class of engines, especially with very slow 
speed and strong refrigeration ; that is, more heat may be 
abstracted by the refrigerator than is required to simply 
increase the temperature of the air at constant pressure. 

In this analysis, the pressure at state G will be assumed 
to equal that of the atmosphere, although it may be some- 
what less, as shown in Fig. 57 ; then if 

p^ be the pressure per square foot of the atmosphere, r^ 

its absolute temperature, and ^v the volume of a pound ; 

then 

p^v^^R r„ (2) ; (229) 

. • . tV = 53.21 J^ 

Let^ and v, with subscripts, as in Article 122, represent 
respectively the pressures and volumes at the corresponding 
states; then 

JP^ =i>a; PgV^^ Rr,\ (230) 

A ^a 
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from which it appears that if r, exceeds r», v^ will exceed 
v^. t?a ^^y he taken, roughly, at 12^ cubic feet. If r l>e tlie 
ratio of expansion, we have, making r = t, in Eq. (2), 



fi . = i^ = /. = ^ = J!L = A 



-yd 



Vi 



From the figure and equation (231), we have 
Pressures — 



(231) 



Vt^P% =Pu = JPg, ; i>d =i?e =i?d, =i?ci = rp^, (232) 
Fc/Zwm^^— working air, 



Vt—- 






u = 



V. = 



"i r, t». 



Td = — ^ ; (233) 



Cushion air ; let q be the ratio of the entire volume of air 
in the cylinder to the greatest volume of working air, then 

fi ? — 1 ^1 



V = Vn — *f = (y — 1) ^f ; 
Total volumes — 



(234) 



Vf, = q vr 

'^^gi = ^g + '^^i = (? - 1 +. V") 



-yf 



".=^=(*-'+t) 



^ 
r 



'^'ei = 



~ JL = .J- Vf 

r r 



(235) 



Volume swept through by the piston per pound of work- 
ing air per revolution— 

^ . (236) 
r 



2 K - V,,) = 2 (? (r - 1) + 1 - ^ j 



Mean elective pressure per unit area of the piston, or 
energy expended per foot of volume swept through by the 
piston, distributed over two strokes — 

^ U_ 

^" 2 K - r,,)' 



(237) 



^^ 
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Mean total foncard pressure — 

Mean hack presmire — 

P^-=P.- i>.. .(239) 

Greatest vol. worhimj air _ Vf nearly. (240) 

JPiaton displacement iv, — t^j, 

Let 

N be the number of revolutions per minute, 
xS\ the average piston speed, 
Z, the length of stroke of the working piston, 
Tr, the work in foot-pounds developed by the piston 
per minute, 

HP., the horse-power developed per minute, 

w^ the pounds of working air per revolution, 

-4, the area of the working piston ; 
then 

8^ 2iVZ; 

Tr= 33000 //P; (241) 

Tr= w V N =. "ihp^AlN. (242) 

If the isothermals are so nearly right lines that they may 
be considered bjs straight, the indicator diagram may be 
treated as a trapezoid ; hence, its area, referring to Fig. 58, 
will be 

GFy. ni= G,F, X ///; 

or, (^r - ^.) (/>d - i>g) = 53.21 (r, - T,) (r ~ 1), (243) 
for the work done per pound of air per revolution. 

EXERCISES. 

1. In the steamer Ericsson^ there were four single-acting 
working cylinders, producing an aggregate of 300 horse- 
power, as determined by an indicator. The pistons were 
14 feet in diameter ; length of stroke, 6 feet ; revolu- 
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tions, 9 per minute ; fuel, 1.87 pounds of coal per horee- 
power per hour, the total heat of combustion of each pound 
being estimated at 14000 thermal units. 

Let 

T, = 420° F., T, = 120° F. 

From this data find— 
Mean eff. pressure, lbs. per sq. in. per double stroke. . 1.1. 

Average piston speed, feet per minute 108. 

Vol. swept through by piston per I. H. P., ft. per min.lOTi. 

Heat of combustion of one lb. coal 

14000 X 778 ft.-lbs. = 10892000. 
Duty, 1 lb. coal. .33000 X 60 ^ 1.87 ft-lbs. = 1059000. 

Efficiency of plant .... —-^^9^^^ 2^J9-.—. = 0.0971. 
•^ ^ 1.87 X 14000 X 778 

Theoretical efficiency of fluid, (228) E= 0.340. 

Actual efficiency if 0.8 of theoretical 0.272. 

Probable efficiency of furnace.0.0971 — 0.272 = 0.357. 

Xotwithstanding the good efficiency of the plant, the ex- 
cessive size of tlie cylinders and other practical considera- 
tions prevented the general introduction of this class of 
engines for large powers. 

2. Let the bore of the air cylinder of the pumping engine 
shown in Figs. 55 and 56 be 6 inches, stroke of the working 
piston, ^, 2J inches, stroke of the phinger, O, 5J inches, 
diameter of the plunger, 5| inclies (length of the plunger 
about 20 inclies), being the dimensions of this engine in' 
the Institute. The piston at the lower end of its stroke 
passes into the plunger space about one inch, and near the 
middle of the stroke, as shown in Fig. 56, there is about yV 
of an inch between the piston and plunger, thus re- 
ducing the cushion air to a minimum. The furnace extends 
upward about one half the length of the plunger, above 
which the cushion air surrounds the plunger when at the 
upper «nd of its stroke ; and as only that is eflEective work- 
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ing air which is subjected both to tlie refrigerator and fur- 
nace, the working air will be less in volume than that of the 
plunger-displacement; but the relation cannot be deter- 
mined with accuracy. As nearly as we can determine in 
this engine, we have 

^'^ ~ ^'' = 0.75, Eq. (240). (243a) 

Assume r» = 620 ; T, = 130° F. ; T, = 720° F. ; total 
air volume per pound of working air at its greatest vol- 
ume, q = 1.2] and 50 revolutions per minute. 

Find :— 

r, = 590 ; r, = 1180 ; r^ -^ t^ = 590 ; -' = 0.5. 

Greatest vol. of a pound of working air, 

(233), cu. f t Vf = 29.67- 

Greatest total volume, (235), " '^Vi = 35.60. 

Least total volume, (235)., or (243a) '^di = 11.35- 

Volume swept through by the piston per 

pound of working air per stroke, (243^^), 

cu. ft V{^ — Vay = 24.25. 

Ratio of expansion, (235), or (236) r =z 1.8. 

Work per lb. of air per revolution, 

(227), ft. -lbs U =1845a 

M, E. P., (237), (243a), (233),, lbs. per 

s(j[. ft. double stroke i^« = 414.6L 

3f. E. P. for the single working stroke 

of air, lbs. per sq. ft i^« = 829.2- 

J/". E. P., for the single working stroke 

of air, per sq. in i>. = 5.76. 

Area of working piston, sq, in 28.2744. 

Work per revolution, ft.-lbs. . --'^•^744 X 2^ ^29.7 = 33.92. 
^ ' 1728 

Work per minute, ft.-lbs 50 X 33.92 = 169^ 

Horse-power 1696 -r- 33000 = 0.051. 
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Efficiency, if n = 1 in Eq. (228«) ^ = 0. 128. 

Efficiency of plant if eff. of f nrnace be 0.3 0-O3 7. 

Pounds of working air, (24:1) w = 0.(K>1^^. 

The pump described in tliis Exercise is used by the* 
students in their experimental course, and from one of 
those I make the following abstract ; 

At 50 rev. per m. indicated M. E. P, was, lbs. per sq. in . . 5.42. 

T , . -, 5.42 X 28.2744 X 2J X 50 _^^ 
I. work per m., ft. -lbs . . j^ = lo9 « . 

Indicated horse-power 1597 — 33000 = 0.04S4. 

Weight of gas, cu. ft. per hour 15.7. 

Weight of one cubic foot of the gas 0.045S4. 

Calorific power, B. T. U. per lb 13650. 

" " '' " " " eu. ft 625.7. 

Ind.ef. of furnaceand fluid, r—-= ^vtt^-t^ — ^^^c> = 0.0125. 

' 15.7 X 625.7 X 778 

or about IJ per cent. 

This result shows the great loss of heat in this engine 
witliout a regenerator. Either the funiace has an efficiency 
of only about 0.1, or if its efficiency be 0.3, then 7h in equa- 
tion (228a) should be between 3 and 4. If the efficiency 
of the furnace be about 0.2, then n must be 2 or more. 

The effective power as determined by the wat^r pumped 
was 640 foot-pounds per minute ; hence the loss by leakage 
and friction was estimated to be 

1597 - 640 _ . 

1597 ~ ' 

or nearly 60 jjer cent. 

Efficiency of plant, inclnding fuel, engine and pomp 

, , , '^;,^ f .., = 0.00502 ; 
15.7 X 625.7 X 778 ' 

or only one half of one per cent of the theoretical heat of 
combustion of the fuel was utilized by the plant. This was 
one of the best of fifteen experiments. 
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The manufacturers guarantee that this size of pump will 
raise 200 gallons of water per hour 50 feet high with 18 
cubic feet of gas. This would give an ffertual work of 

200 X ~ X ^T^ X 62^ = 1383 foot-pounds. This is more 

than twice the amount found by the exj)eriment above 
cited ; but a part of the diflEerence may be due to the fact 
that more gas is i-equired than was consumed in the experi- 
ment, the quality of the gas, the condition of the engine, 
etc. ; and the remainder — if any — to the art of advertising. 

A very small power steam-engine with furnace and boiler 
may require from 8 to 12 pounds of coal per horse- 
]>ower per hour, giving an indicated efficiency of some 2 
per cent, more or less. The hot-air pumping engine is used 
not on account of its superior efficiency, but on account of its 
greater economy and safety— there being no danger of ex- 
plosion, and requiring but little expense for attendance. 

125. Ratio of expansion to give a niaximtnn 
inean effective pressure, A general solution cannot be 
made. We will assume some elements, and thus illustrate 
the process for a particular case. 

Lety = 1.3; ^^^~ '^^^'' = 0.8; m =^'; and let 12^ cubic 

feet of air weigh a pound. 

Then, (236) 

7n = 0.5 r — 0.3. 

With these conditions, and equations (227) and (237), 
we have 

Pm = -^ r, (1.3 - 0.5 r) log ,-, (244) 

which is a maximum for r = 1.69, as may be found by 
trial. The corresponding value of m will be 

y/i z= 0.545. 
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The value of jt>, in (244) will be zero for 

. = g = 2.6, 

under which condition, the engine, if f rictionless, would run 
without doing work, and would simply change the states of 
the working fluid. The mean effective pressure is unaffected 
by the initial temperature ; simply the range of tempera- 
tures being involved in the value of in^ which may finally 
be expressed as a function of t*, as above. The work per 
minute will depend upon the number of revolutions, and 
heat must be supplied in sufficient quantity and with suffi- 
cient rapidity to maintain the assumed temperatures. 

Remark. — The application of the analysis in tlie two preceding articles 
is very delicate, for there are so many physical conditions that cannot 
be definitely determined, and a small change in any one of them may 
prcxluce a large change in the results. Thus, it will be seen that changing 
the value of g from 1.3, as in the preceding Exercise, to 1.3 in this 
Article, changes r from 1.75 to 1.69. (The value used in the Ex 
ercise is 1.8, being the nearest entire tenth, but its value is exactly 1.75.) 
The "log r" will be changed in a greater ratio, thus affecting the final 
result in a corresponding manner. ^The solution given shows that the 

tf, — t?4, 

fraction — is large when the engine is run at its best effect ; and if 

it be assumed as 0.5 it would produce much less work per minute. The 
greater the difference of the temperatures the greater the work done per 
pound of working air, and the greater the ratio of the absolute tempera- 
tures the greater the efficiency, other things being equal. 

The working of the engine is quite as delicate as the analysis, it being 
much affected by friction in the cylinder and stuffing boxes, and the con- 
dition of the furnace. 

126, Heat received and rejected only at con- 
stant pressure. An engine inrolving this f>rinciple 
was proposed by Joule and Thomson {Phil, Trans., 1885), 
but, so far as known, has not been constructed. In this 
engine the expansion and compression of the fluid would 
be adiabatic. A B C D, Fig. 59, page 218, would be the 
indicator diagram of such an engine, in which A B and I) C 
are parallel to the axis v, and B C and A D are adiabaties. 
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GAS ENGINES. 

127. A gas engine is a hot-air engine in which tho 
cylinder containing the working air is also the furnace, heat 
being produced by the rapid combustion of the fuel in the 
cylinder —so rapid as to be called an explosion. The fuel 
is an inflammable gas. When the piston is moving back- 
ward in its stroke, air and gas are drawn into the cylinder, 
and, at the proper time, the gas is ignited, an explosion 
takes place, the air is suddenly heated and a high pressure 
produced ; after which a part of the energy thus developed 
is imparted to the piston during the remainder of the stroke, 
and the other part is forced out of the cylinder at the ex- 
haust. 

The two most prominent systems which have been de- 
veloped are : one in which the charge is fired with every 
revolution, when the cylinder is about half full of air and 
gas ; the other at each alternate revolution, when the piston 
is near its remote dead point. In the former, the energy 
develo})ed can act on the piston during only about one half 
of a single stroke ; while in the latter it will act during 
nearly the whole stroke ; so that the latter ought to be, as it 
is found to be in practice, much more eflScient than the 
former. Fig. 60, page 218, illustrates an ideal diagram of 
the former engine. 

In nearly all the more recent gas engines the piston 
draws in the charge of gas and air dtlring a full backward 
stroke, then compresses it during the next forward stroke ; 
and when just* past the next dead point the gas is ignited 
and the piston is driven by the energy thus developed dur- 
ing the next backward stroke, and during the next forward 
stroke the products of combustion are forced out ; thus requir- 
ing two revolutions to complete a cycle. These are trunk 
engines. Gas engines are made which take a charge at 



248 



HEAT ENGINES. 



[128.] 



both ends of the cylinder and thus resemhle double-acting 
engines, although, in reality, there is only one explosion 
during each revolution. Otliers, like the Clerk engine, 
compress the charge in an auxiliary cylinder which is fired 
in one end of the working cylinder with every revolu- 
tion. Thus, wliile the steam-engine has been improved 
by passing from single acting to double, (luadruj^le, &e., 
acting during each revolution, the gas engine has been im- 
proved by passing from double to single acting during each 
revolution, and, finally, to one action during a bi-revolution. 
128. History. The origin of the gas engine is not 
definitely known. It appears to be an outgrowth of an effort 
to use gunpowder as the fuel, which substance was sug- 
gested for this purpose as early as 1(580 by the celebrated 
Huyghens. The gas engine proper was first patented in 
England more than a century later, 1794, and, although in 
the years following there were many improvements and 
many patents, yet it became of no practical value until about 
1860, during which year il. Lenoir constructed in Paris the 
first gas engine that was actually introduced into public use; 

and during the five years 
immediately following several 
hundred were used in France. 
It was patented in England 
by J. II. Johnson. It was of 
the non-compression type, and 
in its external appearance re- 
seml)led the ordinarv double- 
actingsteam-engine. The charge 
was fired at each end during 
each revolution. It contained 
no new principle, and its success was the result of the care 
and thoroughness with which tlie details were worked up. 
A section is shown in Fig. 01. Fig. 02 is an indicator 
diagram taken from a two horse-power engine of tliis class, 
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Fig. 62. 



as shown in the Journal of the Franhlln Institute^ Vol. 

LI., 1866, Feb., p. 176. 

The length of the line A B^ Fig. 62, represents the length 

of stroke of the engine, while the line itself is the atmos- 

j>heric line. Three lines are traced 

representing the action at one end of 

the cylinder during six revolutions. 

From ^ to J the charge was taken in at 

atmospheric pressure, but from 5 to c*, 

the inlet valve being partly closed, the 

pressure fell, and at c the valve closed, the charge was fired 

and the pressure suddenly raised ; and the energy thus de- 
veloped drove the piston to the end of its stroke. During 

the return stroke the products of combustion are driven 

out at atmospheric pressure. 

In 1867 Otto and I>angen exhibited their free piston 

engine, of which Fig. 63 is an external view of one of this 

class in Stevens Institute. The princi- 
ple was not new, but its details were so 
well worked up that it became a com- 
mercial success. It acts by drawing in a 
charge of air and gas during the first 
few inches of its stroke, then the valve 
is closed, the charge fired, and the pis- 
ton, which is free, is shot upward, and a 
partial vacuum formed within the cylin- 
der, while the pressure of the atmos- 
phere on the piston gradually brings it to 
rest and then forces it downward. Dur- 
ing \k^ downward motion a pawl on the 
piston rod engages a ratchet on the main 
shaft, thus imparting to the latter a 

rotary motion, which is rendered nearly uniform by the fly* 

wheel. 

The idea of compressing the charge before explosion was 
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mentioned as early as 1801, hut the Byetem now generally 
used was patented by Bamett, an EngliBhman, in 1838, and 
by Million, a Frenchman, in 1861, and further developed 
by M. Beau do Roehas in Franco and Sir C. W. Siemens 
in England, botli in 18t!2. The advantages of couipreseion 
became fully recognized by this time, and the principle has 
been incorporated into nearly all gas engines constructed 
since that date. 

Ill 1876 M. Otto produced his " Otto Silent" engine, 
which, for smoothness and quietness of running, and the 
economy in the use of the gas fuel, far exceeded all pre- 



vious inventions of this class of engines, and in less than ten 
years after its invention it is claimed that 15,000 were sold. 
No new principle was incorporated, the success being en- 
tirely dependent upon the skilful use of the principles de- 
veloped by others. Fig. 64 is an external view of an " Otto," 
used ill making experiments in Stevens Institute. 

Successful gas engines of many varieties are now nseil. 
At the American Institute Fair, in the fall of 18S7, six 
different types were exhibited by as many different invent- 
ors ; among which was an " Otto" containing the most 
recent improvements, some of which were exceedingly 
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ingenious, and a " Baldwin" of recent invention, which for 
silent running and uniformity of motion seemed to be all 
that could be desired. All these engines outwardly re- 
sembled the modem horizontal steam-engine. Some en- 
gines of this class are duplex, some vertical, but mostly 
horizontal. 

The great improvement made in the gas engine is strik- 
ingly illustrated by the fact that the first successful ones, 
Lenoir's, consumed about 100 cubic feet of gas per indicated 
horse-power per hour, while an Otto has consumed less than 
20 cubic feet for the same power. Some of the earlier 
engines consumed more than 100 cubic feet, and the latter 
ones more generally require about 24 cubic feet. The low- 
est figure given above was for a rich gas and an 8 II. P. 
engine. 

129. Some details. Between the piston at its dead 
point and the end of the cylinder is a space not swept over 
by the piston, called the co7nhustio7h ehamher / the volume 
of which is 0.4, more or less, of the entire volume of the 
cvlinder. 

The fly-wheel is large compared with the power developed 
to insure more uniform running. The speed is also regu- 
lated in part by a governor, which operates differently in 
different engines. In some it cuts off a part of the supply 
of gas with each charge; in others it cuts off an entire 
charge until the speed is properly reduced ; and in still 
others it closes the exhaust so as to retain a part, or all, of 
the products of combustion of the pi'evious explosion, thus 
preventing a full charge of both air and gas being taken in. 

The gas is ignited in various ways. A flame of gas, ex- 
ternal to the cylinder, communicating with the interior by a 
small orifice covered by the piston until the charge is tjiken 
in and tlien uncovered during its regular stroke, has proved 
to be eflScient. The orifice may be so small as to remain 
open during the explosion, but in the more recent engines 
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the orifice is covered by a valve. The flanae may be carrieil 
a very short distance in a cavity of a valve. Incandescent 
metal, so rendered by a flame or by an electric current, has 
been successfully used. In some cases ignition has been pro- 
duced by an electric spark ; and in still others by chemical 
action. This is an exceedingly important detail, and has 
given inventors much trouble, as its action must not only l)e 
certain, but must act promptly at a detinital part of the 
stroke, and, sometimes, more frequently than 90 times per 
minute. 

A space is provided for the circulation of water about the 
cylinder, through the piston, and also through the cylinder 
heads. This is rendered necessary to prevent injury to tlie 
metal from the high temperatures due to the explosion. 
Mr. Dugold Clerk made experiments upon gas exploded in 
a closed vessel, determining the time of explosion and the 
pressures resulting, from which the temperature was com- 
puted by means of equation (1), page 11. He gives the 
following results : 



MIXTURES OF AIR AND OLDHAM COAL GAS. 

TEMPERATURE BEFORE EXPLOSION, 17" C. 







Max. press, above 


Temp, of explosion: Theoretical temp. 


Mixtnre. 


atmott. {n))oundt( 


calculated from 


of explosion if all 






perBq. in. 


obtierved pregHure. 


heat were evolved. 


Gas. 


Air. 








1 vol. 


14 vols. 


40 


806'' C. 


1786° C. 


1 vol. 


13 vols. 


51.5 


1033° C. 


1912'' C. 


1 vol. 


12 vols. 


60 


1202° C. 


2058° C. 


1 vol. 


11 vols. 


61 


1220° C. 


2228° C. 


1 vol. 


9 vols. 


78 


1557° C. 


2670° C. 


1 vol. 


7 vols. 


87 


1738° C. 


3334° C. 


1 vol. 


6 vols. 


90 


1792° C. 


3808° C. 


1vol. 


5 vols. 


91 


1812° C. 




1 vol. 


4 vols. 


80 


1595° C. 





{Tfie Gas Engine, by D. Clerk, p. 111.) 
The computed temperatures may not have been the highest 
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at the instant of explosion, and, as Mr. Clerk says, are 
merely averages ; and it may be taken, that coal gas mix- 
tures with air give upon explosion temperatures ranging 
from 800° C. (1500° F. nearly) to nearly 2000° C. (3600° 
F.), depending upon the dilution of the mixture. Since 
cast iron will melt wlien subjected to a prolonged heat of 
about 2000° F. (p. 89), the heat of explosion would de- 
stroy the working surface if it were not cooled by some 
artificial means; but with the means employed, cylinders 
have been used for years, and a wearing surface main- 
tained as perfect as in the steam-engine. The glow result- 




ing from the explosion has been observed by inserting in 
the cylinder a small tube containing a strong glass through 
which one could look. 

130. Theory. We will consider the bi-re volution 
compression system. Fig. 65 is an actual indicator diagram 
taken from a 10 horse-power Otto engine during an experi- 
ment in the Institute, except that we have added the part 
Al C B to represent the combustion chamber, and reduced 
the linear dimensions one* half. It is a fair sample of many 
others that were taken. A D is the atmospheric line, 1 D 
the stroke of the piston, A 1 the clearance, 2 5 the com- 
pression line, 5 C the explosion line, C 7 the expansion line. 
The explosion is nearly, but not quite, instantaneous, as 
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sliown by tlie line 6 C — the piston moving a very short 
distance before the explosion is complete. During the tak- 
ing in of the charge the pressure follows the line 12; 
during compression, the line 26 ; during explosion, the line 
5 C\ during expansion, the line C 7; during exhaust^ T'^: 
during the fourth stroke the products of combustion are 
forced out, following 81. 

In subjecting these operations to analysis, we proceed, 
as before, to construct an ideal indicator diagram, in which 
we assume that the explosion takes place instantaneously 
at the remote dead point — that the expansion and compres- 
sion lines are adiabatic — that the fall of 
pressure at the end of the stroke takes 
place without change of volume — and 
that the charge is taken in and expelled 
at atmospheric pressure ; thus producing 
a diagram like 0, 1, 2, 3, Fig. ^^^ in which 
C 3 represents the pressure of the atmos- 
FiG. 66. phere. 

Letting the subscripts corresponding to 
the comers of the diagram represent the corresponding 
states ; then will the heat energy developed by the explosion 
be the area 3012 indefinitely extended to the right between 
the adiabatics 03 and 12 prolonged; the value of which 
for each pound of the substance will l>e 

H, = Oy {t, — r„), 

as in Exercise 3, page 64. The heat rejected in passing 
from state 2 to state 3 will be, similarly, 

hence the efficiency will be 

E^H^-IU ^ r. -To - (r. - ».) ^ .J, _ T. - T. ^^^ 

Hi Ty — To 1*1 — To 

Since v^ = v^ and v^ = ^;„ we have from equation (42), if y 
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be constant, and the same for the curve of expansion as 

for compression, 

r r 

-J ::^ ._! • 

T — T r T 



i . 

■ * "T, - r, T, " To ' 

Y-1 . r. 



according to which it appears that the efficiency depends 
only upon the ratio of the temperatures just before and just 
after compression — or, generally, upon the temperatures at 
the extremities of either adiabatic, but otherwise is inde- 
pendent of the temperature of the explosion. 
The work per pound will be 

U,^. = 77". - //, = C, [ (r, - r,) - (r. - t.) ]. (247) 

To find this work in terms of p and v, we have j9 'y = 7? r as 
in equation (2), and R = {y — X) Cy, as in the answer to Ex- 
ercise 7, page 59 ; . • . (7^ Tq = Zi^, as at the top of page 

y — \ 

65, and similarly iorp^^ v,, r,, &c. ; hence, 

^b. = -^ (i?, V, -p^v,- po V, +i?. V,), (248) 

This may be further reduced by means of equation (42), 
and making f^Tt = ^\h -r- v^ = the work done per cubic 
foot of the mixture, r = v, -i- v^J the ratio of expansion, 
and^j = p^ rY, we have 

Xj^^P.-P. ]lZl_Z:±, (249) 

y — \ r^ 

The mean effective pressure on a square foot of the pis- 
ton, or the energy developed per foot of volume, distrib- 
uted over four strokes, will be 

«, = ^^'>- = kJl^. (250) 
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Let N be the number of revolutions per minute; S^ 
the average piston speed ; Z, the lengtli of stroke ; HP^ the 
horse-power; TT, the work in foot-pounds developed by 
the piston per minute ; lo^ the pounds of the mixture at 
each explosion ; A^ the area of the piston ; then, 

W = 33000 IIP = 2Al iV>e (251) 

- = -^. (252) 

Work done per pound 2?er single stroke will he 

Volume swept over hy the pisUjn per stroke 

A I = ^3^^. (253) 

2 iVp^ 

Volume swept over hy the piston per* pound of the mixture 

per stroke 

U 
v^-v,= 



131. The furnace. The smaller the combustion 
chamber, compared with the volume swept over by the pis- 
ton, the more efficient will be the charge, as shown by equa- 
tion (246), since r, -r- t^ will be greater the snuiller 
Vq -=- v^ as shown by equation (42). But, on the other 
hand, the smaller v^ = ^, is when tlie explosion takes place, 
the greater will be p^ and r^ after the explosion, as shown 
by equation (2) ; but as the temperature of explosion is 
very high in practice, there will be a practical inferior limit 
to the size of the combustion chamber, which must be deter- 
mined by a protracted use of the engine. In the " Otto,-' 
with which experiments were made at the Institute, the 
combustion chamber was 0.38 of the entire volume of the 
cylinder, and about the same relation exists in some other 
engines. 
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The efficiency of the explosion, or, as we may say, the effi- 
ciency of the furnace, is not perfect. Experiments made 
by Mr. D. Clerk in closed vessels of fixed volume, on the 
supposition that the absolute temperature varied as the 
absolute pressure at constant volume, found that the heat 
evolved varied from 60 to 60 per cent of the theoretical 
{The Gas Engine^ p. 182) ; the latter being nearly the 
highest value found in any case, while in many cases it is 
considerably less than the former. Thus, for a mixture of 
air and Oldham gas, he found 

Fraction of gas, vol. -^^ ^, ^, yV h \ 
Heating efficiency 0.40, 0.48, 0.50, 0.46, 0.40, 0.37. 

This shows that the furnace efficiency diminishes with 
the richness of the gas when the gas exceeds ^ of the vol- 
ume of the mixture {ibid.^ p. 113). The table in Article 128 
shows that the efficiency in that case varied from a little 
below to a little above 50 per cent, when the initial tempera- 
ture was 17° C. The initial temperature in the engine 
will be considerably above this, which, added to the facts 
that — the pressure in the cylinder may be less than that of 
the atmosphere — a part of the products of combustion will 
be retained — possible leakage — and imperfect action — make 
it advisable, in the absence of actual measurements, to con- 
sider the efficiency of the explosion as not more than 0.45 
of that indicated by the chemical composition. The cause 
of the large difference between the theoretical and actual 
heat developed is not well known. It is found that, gen- 
erally, the best results are obtained when the volume of 
air is 6 or 7 times that of the gas, so that the volume of 
the gas for each charge will be y or J of the volume 
swept over by the piston in one stroJce, 

VS2. To find the work and efficiency In 
terms of the theoretical energy of the gas. 

Let i'c he the energy of the gas in thermal units, devel- 
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oped by the explosion of one pound of the gas as deter- 
mined from its chemical composition, K^ the dynamic 
equivalent, m the coefficient of reduction of its efficiency, 
r,, T^y P„ P„ the temperatures and pressures, respectiveir, 
which would result at the states 1 and 2, if the efficiency, 
m, were unity, and the expansion adiabatic ; and assuming 
that the entire energy of the explosion is communicated to 
the mixture, we have 

and establishing an equation in the same manner as (247) we 
have, for the indicated work per pound of the mh^ire per 
stroke of the explosion, or per bi-revolution of the engine, 

V,^ = m ^. [l - (^) '" '] ; (257) 

hence, the indicated efficiency of the plo/nt will be 

1 33 The expansion and compression curves. 

Since there is a flow of heat from the working: fluid to the 
water jacket and the reverse, the curves will not be strictly 
adiabatic, neither will they be isothermal. Their character 
may be more accurately determined from a study of an 
actual diagram. Assuming that they follow the law 

p v^ =: constant^ 

Messrs. Brooks and Stewart found, for the curve between 
6 and 7, Fig. 65, x = 1.363 ; and for the compression curve, 
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X = 1.835. Professors Ayrton and Perry, by an experi- 
ment which they confess was not as accurate as the above, 
found for the expansion curve, x = 1.479, and for the com- 
pression curve, X = 1.304.* These results show that it is 
much more nearly adia^batic than isothermal. The value of 
y used in our analysis should be less than 1.4, the value for 
air, because the presence of the hydrocarbon of the mix- 
ture will reduce the ratio of the specific heats ; but since 
the quantity of air predominates, we may, in the absence of 
actual measurements, use y = 1.4. Air behaves so nearly 
like a perfect gas that this value would be practically con- 
stant, even for the highest temperatures, if the expansion 
were adiabatic. 

134. Experimental results. Messrs. Brooks and 
Stewart, during the summer of 1883, made a thorough test 
of an Otto engine,t from which we make the following 
abstract. Dimensions of the cylinder, ftj inches diameter, 14 
inches stroke. The air and gas used in mixtures were both 
measured by a gas metre, and it was found tliat when the 
volume of air used was 7.1 times that of the gas, the best 
indicated results were obtained. The diagram taken during 
the 19th test is shown in Fig. 65, with the linear dimensions 
reduced to one half their original value. During this test 
it was found that : 

V^_air ^ g gg Weiffht of ah ^ ^g gg 

Vol, gas W eight of gas 

About one halx the heat of explosion was carried away by 
the water jacket. The temperatures were computed by 
means of equation (2), the volumes and pressures being 



•P7»t Mag., 1884, (2). 66. 

f Qradvatian Tlism a^ Stevens Institute nf Technology, 1883 ; Van 
Nostrand's Engineering Magazine, 1884, Feb., pp. 90-104. 
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meafiured from the indicator diagram. The specific heats 
of the mixture were computed to be 

Cp = 0.268 ; c^ = 0.196 ; .'. y = 1.37. 

The complete combustion of the gas, determined from, its 
chemical composition, gave 9070 calories per kilog., or 
617.5 B. T. U. per cubic foot. From 23.5 to 25.6 cubic 
feet of tliis gas were used per indicated horse-power. 

The mean effective pressure was about 58 pounds per 
square inch per stroke of the explosion ; and if there was 
an explosion for every fourth stroke the average pressure 
was 14i lbs. for every stroke. The average number of 
revolutions was nearly 155 per minute. 

Temperature of the exhaust gases, from 720° F. to 778° F., 
as determined by a pyrometer. 

The indicated efficiency was 18 per cent of the total heat 
of combustion of the gas, r:nd the effectual efficiency for tie 
plant, as determined by a brake, was 14J per cent. 

The experiments upon the " Otto," of various sizes and in 
distant parts of the world, have been numerous, giving 
efficiencies of 15, 16, 17, and 18 per cent. 

From these results it will be seen that the explosive gas- 
engine gives the highest indicated efficiency for the plant 
of any system thus far considered. For intermittent work 
and cost of attendance, it has an advantage over the steam- 
engine. On the other hand, the engines are much larger for 
the same power, and are thus objectionable for very large 
I^owers, and the cost of fuel for steady running is greater, 
since a heat unit in the form of gas costs considerably more 
in the market than a heat unit in the form of coal. Cir- 
cumstances must decide what class of engines is most econ- 
nomical for a particular case. 

The following is an analysis by Professor T. B. Stillman, of Stevens 
Institute, ©f the gas used by Messrs. Brooks and Stewart. The gw 
was taken from the mains supplied by the Hoboken Gkis Ck)mpany : 
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By volnme. 

H Hydrogen. 895 

CH4 Marsh gas 378 

N Nitrogen 082 

CaHe, Average. . . .Heavy hydrocarbons 066 

CO Carbonic oxide 048 

O Oxygen 014 

H,0,,COa,HtiS, &c.. Impurities, &c 027 



1.000 
By weight its composition is found to be : 

Cu. DenBl- Kilos, per Wt p. 

metres. ties.* en. m. nnit. 

H .395 X .087 = .035 .058 

CH4 .373 X .694 =. .258 .426 

N .082 X 1.215 = .099 .163 

C,H«, Av'e .066 X 1.84 = .121 .200 

CO .043 X 1.215 = .052 .086 

O .014 X 1.388 - .019 .031 

HaO,, &c. .027 X -.8 = .022 .036 

1.000 X .606 - .606 1.000 

Hkatino Power of the G.\8. 

Upon complete combustion the gas develops heat per cubic metre, as 

follows : 

Calories. Csloriee. 

fromH 29060 X .035 = 1020 

" CH4 11710 X .258 = 8020 

" C,H(,,&c. 11000 X .121 = 1330 

" CO 2400 X .052 = 125 



per cu. m. 5495c. 

5495 
and per kilog. gas ^^ = 9070 calories. 

Expressed in British measures, one cubic foot of gas develops 617.5 
heat units. 

Atr necessary for complete Combustion and the Products ok 

Combustion. 

In order to determine the amount of air to be supplied for complete 

• Sch6ttler: Die Oaamaachine, p. 77. By "density" is meant the 
weight of one cubic metre in kilogrammes. As will be seen from the 
above, one cubic metre of the gas in question weighs 0.606 kilos. 
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combustion, it is necessary to ascertain the quantity of oxygen that i^ 

taken into chemical combination by the several combustible constituentb 

of the gas. 

2H + O = H.O 

by volume 2 + 1=2 

by weight 2 + 16 = 18 

CH* + 40 = CO, + 2H,0 

by volume 2+4=2 +4 

by weight 16 + ^ = 44 +36 

C.H. + 90 = SCO, + 8H,0 

by volume 2 + ^ =6 +6 

by weight 42 + 144 = 132 +54 

CO + O = CO, 

by volume 2 + 1 =2 

by weight 28 + 1^ =44 

The combining proportions per unit of the several constituents is : 

By volume — 

IH + iO = 1H,0 

ICH4 + 20 = ICO, + 2H,0 

1C,H» + 4iO = SCO, + 3H,0 

ICO + iO = ICO, 

IH +80 = 9H,0 

ICH4 + 40 = VCO, + !|H,0 
ICH, + ^*0 = VCO, + VH,0 
ICO +fO =vco. 

The volume of oxygen required for the combustion of 1 volume of 

gtis is : 

H .395 X i = .197 

CH4 .378 X 2 = .746 

CHe .066 X 4i = .297 

CO .043 X i = .022 



By weight — 



1.262 
less O in gas .014 014 



1.248 



Taking oxygen as 21 per cent in atmospheric air, the volume of air re- 
quired is 

1 248 
— ^-r- — = 5.94 per volume gas, 

or the entire volume is 6.94 times the volume of gas. 
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Since air weighs 1.251 kilos, per cu. metre, the ratio by weight is 

«.W X 1251 .o o« • * 1 

"Tx":606~" = ^^-^ ""'' ^«^^' 

From the combustion of 1 unit weight of gas with 12.26 air there re- 
sults 13.26 units weight of a mixture the composition of which will be : 

( (CHO 426 XV = 1.171) 

CO«^(C.H.) 200 XV= .629}. 1.98 

((CO) 086xV= .135) 

((H) 058 X 9= .522i 

H.O-v (CHO 426X J= .958^ 1.74 



( (C.H.) 200 X V= .257) 



-I 



from the air 9.407 ) 

in gas itself 168 J 



9.5 



I 



Impurities in gas 0.08 

18.27 
Per unit weight of mixture the composition will be : 

CO, 146 

H,0 181 

N 721 

Impurities 002 

1.000 

The volume which 18.27 kilos, of products of combustion will occupy 
is found from the known volumes of the constituent gases as follows : 

cii. m. per 
kil04. kilo. cu. m. 

CO, 1.98 X .524 = 1.011 

H,0 1.74 X 1.28 =r 2.227 

N 9.57 X .828 = 7.876 

Impurities .08 X ~.9 = .027 

11.141 

The products of combustion then occupy 11,141 cu. m. to every kilog. 
of gas. To find the ratio per cu. metre of gas we have simply to multi- 
ply by .606 the number of kilos, in a cubic metre, and we got 6.751 as 
the result. As there is necessary 6.94 cu. m. of mixture of air and gas 
to every cu. m. gas, it is seen that by combustion a contraction of 2.7 
per cent takes place. 

When there is an excess of air present, as is always the case in prac- 
tice, the contraction becomes less in proportion, and may be considered 
to be about 2 per cent. In the following thermodynamic computations 
no account is taken of this contraction. 
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Specific Heats and their Ratio. 

The specific beats of the products of comlmstion are determined from 
the specific heats of the several component gtises as follows : 
Specific heat at constant pressure (water = 1). 



Cp = 



f .2169 X .146 (CO,) = . 0317 ^ 

_ J .4805 X .131 (HaO) = .0629 ! o^iq 

- 1 .2438 X .721 (N) = .1758 f '^*^^ 

t -.4 X .002 (impurities) = .0008 J 

Specific heat at constant volume (water 1). 

r .1714 X .146 (CO,) = .0250 1 

^ _ J .3694 X .181 (H,0) = .04b4 ! -qq,. 

^' - 1 .1727 X .721 (N) = .1245 f '^'^ 

[ -.3 X .002 (impurities) = .0006 J 

The ratio cif these specific heats is the exponent of adiabatic expansioD. 
and is found to l>e *. 

Since there is always an excess of air present, these values will he 

somewhat modified by that fact. From the metre records of lest 19 Uw 

ratio of air to gas by volume was found to be 6.63 to 1 ; by weight the 

ratio is 

6.63 X 1.251 



1 X .606 



- 13.68. 



Since for complete combustion only 12.26 parts of air by weight are 
needed, there are 1.42 parts in excess. The specific heats of air being 
Cp = .2375 and CV = .1684. the effect of the excess of air will be to 
reduce the specific heat slightly. 

(.2712 X 13.2 6) + (. 2375 X 1.42) 
14.68 



Cp = ^^ ^ IT... = .268 



^ (.1985 X 13.26) + ( .1684 X 1.4 2) 

^' = uM = -^^ 

y = -^ = ^^ = 1 37 
^ Cv .196 ' 

EXERCISES. 

1. Required the horse-power and efficiency of a gas-en- 
gine whose cylinder is 8J inches diameter, stroke 14: 
inches, revolutions 160 per minute, charge every fourth 
stroke, combustion chamber 0.38 of the volume of the cylin- 
der, heat of combustion of one pound of the gas 16320 



J 
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B. T. U., volume of working air Y times that of the gas, 
weight of gas say ^ of that of the air, efficiency of the 
furnace 0.60 of the theoretical, y = 1*38. (These are 
approximately the conditions of the engine and test in 
Brooks and Stewart's experiments.) 

We find- 
Area of the piston, sq. in = 56.75. 

Piston displacement per stroke, cu. ft = 0.46. 

Vol. of air taken in each fourth stroke, f of 0.46 = 0.402. 

Pounds of air for each charge 0.402 X 0.08 = 0.032. 

Pounds of gas for 80 charges.. .^ X 0.032 X 80 = 0.150. 
Work per lb. gas, eq. (257), ft-lbs 0.60 X 778 

X 16326 [1 - 0.380»] = 2344970. 

IHP. for the 0.15 lbs. gas ^^^?!^^^ ^'^^ = 10.6. 

* 33000 

Indicated efficiency, (258) ^ = 0.185. 

If m = 0.55 we would have : — 

Indicated HP. for 0.15 lb. gas = 9.7. 

Indicated efficiency E ■= 0.169. 

These last results agree very nearly with the measured re- 
sults of Brooks and Stewart — the horse-power being the 
same and the efficiency about one per cent less than their 
best result. 

2. Required the horse-power, efficiency, pounds of air ancf 
of gas per minute, of a gas-engine having a 10-inch cylin- 
der, 16-inch stroke, making 150 revolutions per minute, 
charge every fourth stroke, combustion chamber 0.4 of the 
volume of the whole cylinder, heat of combustion of one 
pound of the gas 18000 B. T. U., volume of working air 
6i times that of the gas, weight of the gas 0.55 that of an 
equal volume of air, 12^ cubic feet of air to weigh a pound, 
efficiency of furnace, 0.50, and y = 1.4. 
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THE PETROLEUM ENGINE. 

135. Naphtha Engine. In petrolenm engines, the 
working fluid is either petroleum, or some of its products. 
Bray ton's petroleum engine was a modification of that in- 
ventor's gas-engine The products of combustion entered 
the cylinder, and in tliis respect was similar to the gas- 
engine ; but combustion was gradual, the indicator diagram 
showing that it was made at nearly constant pressure up to 
the point of cut-off. Mr. Clerk concludes from his ex- 
periments with a 5 HP. engine that it utilizes about 6 per 
cent of the heat of the petroleum. Professor Thurston, 
from an experiment with one of these engines, concluded 
that 32.06 cubic feet of gas were consumed per IHP. ; 
but Mr. Clerk concludes that the same experiment shows a 
consumption of 55.2 cu. ft. per IHP. per hour. {The 
Gas Engine^ p. 158.) 

We will consider only a recent form, called the Naphtha 
Engine, of which Fig. 67 is an external view. In tliis en- 
gine the products of combustion do not enter the cylinder, 
but the same substance is used for the fuel and working 
fluid. A small plunger pump near i?, but not shown in the 
figure, worked by the engine, forces some liquid naphtha 
into the boiler F at each revolution, a part of which is 
conducted from the boiler down the tube II to the combus- 
tion chamber, or furnace, below the valve chest A^ and is 
there burned. At E is an opening into the tube H through 
wliich air may be forced to increase the rate of combustion. 
The heat of the burning naphtha vaporizes that remaining 
in the boiler, and the vapor thus generated is used in the 
engine in precisely the same manner as if it were steam ; 
and the law of its action in the engine is precisely the 
same as steam, as may be inferred from Fig. 68, which is a 
copy of an indicator diagram taken by Doty and Beyer, 
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in the experiments referred to be- 
low. The ratio of expansion, as here 
shown, IB about 2, l)nt it may be 
varied at pleasure. Tlie drop, when 
the exhaust opens at the end of the 
stroke, is sudden, and the back pres- 
sure and compression lines are good. 
The depression of the steam line, 
showing initial expansiou, is prob- 
ably due to the setting of the valve, 
since the diagram from one of the 
cylinders was free from this de- ""■ *"' 

feet. 

If the diagram be freed of its irregularities and of 
compression, it would be analyzed precisely like the steam- 
engine, and the solution in Articles 110, 111, and 112 would 
be applicable. Probably Article 110 represents tlie case 
more nearly, since the cylinders are 
very near tlie boiler, and receive heat 
continually from it. But the analysis 
cannot l)e carried out numerically, since 
the physical properties of Naphtha are 
not sufficiently well known. Tlie latent 
heat of evaporation at varying pressures is not known, 
nor the value of li in the equation p v =^ R t — if 
indeed it is constant for tlie vapor. We will, however, 
after giving tlie results of some experiments, make an ap- 
proximate solution, 

136. Experiments. Messrs. Doty and Beyer made 
ex|>erimc'nt9 upon a naphtha engine, of which the following 
is a summary of their report :* 

Three single-acting trunk engines were connected to the 

• Oradiiiiiion TAait of Paul noty nnil Richard Beyer, Stevens lD£tilut« 
of Tecliiiulug}*, HolMiken, 18S8. Tlie Inm Age, July, 168a 
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crank shaft, the cranks making successive angles of 120 

with each other. The lower ends of the coils constituting 

the boiler were connected with the pump, and the upper 

ends entered a common chamber. 

Diftmeter of cylinders, each B^ inches. 

Stroke of pistons, each A\ 

Piston displacement, each 37^ cu. in. 

Admission ports, each « A- x ^ inches. 

Exhaust ports, each -^ x 2-^ 

Diameter of pump IJ 

Stroke of pump 1| 

Travel of main valves, each f 

Clearance of cylinders, each 1.86 cu. in. 

or 6i per cent of piston displacement. 
Boiler, seven spirals of four coils each. 

Coils, copper tubing outside diam f 

Height and diameter of coils, each 12 

Burner had 26 openings, diam. of each i^ 

Heating surface 12 sq. ft. 

RESULTS. 

Average revolutions per minute, number 280.7. 

Total Indicated HP. from the three cylinders 2.81. 

Mean effective pressure, lbs. per sq. in. , about 35. 

Naphtha burned per IHP. per hour, lbs 3.58. 

Price of naphtha, June 5th, cents per gallon 10. 

Cost per IHP. per hour, cents 6.2. 

Heating surface, square feet per IHP 4.3. 

Water used to condense the exhaust naphtha, lbs. per IHP. per 

hour 25594. 

Increase of temperature of condensing water, degrees F 3.9. 

Naphtha passing through condenser per hour, lbs 421. 

Temperature of the stack, degrees F., about 685. 

Specific gravity of the naphtha, that of water being unity 0.688. 

One gallon weighed, pounds . . 5.69. 

Assuming that tlie vapor was saturated, three elements of 
this data give, for 

the latent heat of evaj}oration = llL = 237 

thermal unitfi, at atmospheric pressure. 
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In order to detennine the relation between tlie tempera- 
ture and pressure of saturated vapor, these experimenters 
devised a special thennometer with which they determined 
the temperature of the vapor in the steam chest, and at the 
same time determined the pressure by means of a pressure 
gauge. These measurements gave 

for 35 lbs. gauge pressure a temp, of 225° F. ; 
" 47 " " " " " " 242° F. ; 

u go u u u u u u 258° F. 

Substituting in equation (80), page 97, these values of j) 
reduced to their equivalent in pounds per square foot, and 
the corresponding temperatures reduced to the absolute 
scale, and finding the values of A, B^ C, we have 

7 aAa^Q 889.4 625784 ,„.q. 

log p = 6.4618 _ ^ — ; (2o9) 

in which 

log B ^ 2.949092 ; log C = 5.796469. 

Making^ = 2116.2 this formula gives r = 602.62° or T 
= 141.96° F. Naphtha has not a fixed boiling point. In 
an experiment it began to boil at 60° C, and as the more 
volatile parts passed off, the temperature gradually in- 
creased, and, in tlie course of twenty minutes, it raised to 
68° C, giving a mean of 64° C. = 147° F. The value 
found by the formula agrees, approximately, with the lower 
observed temperature, 60° C. = 140° F. 

To find the volume of one pound of the saturated vapor 
of naphtha at atmospheric pressure, we have, from equation 
(80), page 98, 

^'. = 0.0234 + -^J^ = 7.69 cu. ft., 

in which 0.0234 is the value assigned for one pound of 
liquid naphtha at 60° F. 
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It was found that the naphtha, exposed to an atmospheric 
pressure of 29.982 inches, at a temperature of 70° F-. 
evaporated at the rate of 0.092094 lbs. per square foot per 
hour. 

Some of the values found by these experimenters differ 
largely from those given by others. Thus, the boiling point, 
as found by them, is between 116** F. and 167° F., but Box 
On Heat^ page 14, gives 306° F. on the authority of Ure. 
The latter must be an error. They found the latent heat of 
evaporation to be 237 ; while Box, page 18, gives 184 on 
the authority of Ure. If lire's figures were reversed, giving 
184° F. for the boiling point and 306 for the latent heat of 
vaporization, they would appear more rational ; still we can- 
not say what is correct. They give 0.683 for the specific 
gravity at 60° F., while Rankine, in Table II. of the Steam 
Engine^ gives 0.848 at 32° F. ; and both cannot be correct. 
The discrepancies may be due in part to the difference in 
the chemical composition of the different specimens. The 
relation between the pressure and volume, given in equation 
(259), is considered only approximate, not only on account 
of the heterogeneous character of the substance, but also l>e- 
cause it depends upon three experiments only, whereas there 
should be a larger range of experiments in order tx) test it« 
accuracy and reliability. The results will, however, be sub- 
jects for comparison for future experimenters. 

137. Efficiency of the Naphtha Eng^lne. In 

tlie absence of a determination of the calorific power of the 
naphtha used in the above experiment, we will assume that 
the heat of combustion is 22000 thermal units per pound, 
since its value would be 22274 if the composition were 

For, 

e X 12 X 14544 = 1047168 
14 X 1 X 62032 = 868448 

86 )1915616( 22274. 
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There was consumed 3.53 pounds of naphtha per IHP. 
per hour, hence the indicated efficiency of the plant, includ- 
ing fuel, furnace, and engine, was 

jf._ 330 00 X 60 

^ - 3.53 X 22000 X 778 ~ '^^ ' 

or nearly 3J per cent. It is a good 3 horse-power en- 
gine, that— including fuel, furnace, boiler and engine — 
yields this efficiency. If the particular naphtha used were 
richer in hydrogen than that assumed, or rather if its chemi- 
cal composition gave 23000 thermal units, the efficiency 
would be reduced to 3.1 per cent. 

The cost of running, 6.2 cents per IHP. per hour, is 
not a measure of the efficiency, but of the economy. A 
steam-engine, run by the waste fuel of a saw-mill, may cost 
nothing for fuel ; while the same engine run with anthracite 
coal may cost many dollars daily for this item, while as a 
heat engine the efficiency should be the same in the two 
cases. 

138. Efficiency of fluid. Any solution of this part 
of the problem will necessarily be approximate, since some 
of the data must be assumed ; and yet such a solution may 
give some idea of its probable efficiency, and hence of the 
efficiency of the furnace and boiler. Regnault found the 
specific heat of petroleum to be 0.434, and we will assume 
it to be the same for liquid naphtha. The latent heat of 
evaporation at atmospheric pressure is 237 B. T. U. per 
pound, as found above ; but the law of cliange with tem- 
perature and pressure is not known. As this value approxi- 
mates more nearly to that of acetic acid than any other sub- 
stance now before us (see Article 74 of Addenda), we 
will assume, although otherwise quite arbitrary, that 

K = 237 - 0.1 T. ' (2C()) 

Let the initial temperature of the liquid be 58° F. ; the 
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initial absolute pressure in the cylinder 60 lbs., at which the 
temperature will be 239° F., Eq. (259) ; ratio of expansion, 
2 ; back pressure, 16 pounds ; and, in order to make as few 
other assumptions as possible, consider the law of expansion 
to be 

p v^ =i consta/nt, 

and since the ratio of expansion is small, this cannot lead to 
a large error. 
Then, 

^, = 60 X 144 = 8640 lbs. per sq. ft. 

^^•^^>' -- = 2.8026 ?8^\^V^g ^ = '-''' ^^«^> 

' \ 7U0 "^ 49000 / 

Eq. (172), v,= 2.18 X 2V = 4.71 cu. ft. (262) 

Eq. (177). i/ = 2.18 X 8640 (10 - 8.85) - 2304 X 4.71 = 20543 (263) 

ft. -lbs. per pound of naphtha per stroke, or 26.40 thermal 
units. 

The cut-off being one half, the weight of vapor in the 
tliree cyUnders when half full will be 

3 X 37.5 ^ ^^^^^3 ^^^^ 



2 X 1728 X 2.18 
Hence per pound per revolution tlie work done will be 

20542 X 0.01493 = 307 foot-pounds. 

The mean work per revolution in the preceding experi- 
ment was 

^-^^^^ X ^-^^ = 330 ft.-lbs. 

280.7 

which results agree sufficiently well when we consider that 
in the idjeal diagram there is no compression or clearance. 
Mean effective pressure, theory, (176), 

p^ = 60 (5 - 4.16) — 16 = 34.4 lbs. per sq. in. 
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Mean effective pressure from the experiment — 

p, = . ^ZO {woTh per revolvtian) ^ ^ 35 2 j^^ j^ 

^^^^ (ptston dtsplacement) 

which is a very fair agreement imder the circumstances. 

(The mean effective pressure is not the work p^r pound divided by the 
difference in the volumes of the pound at the ends of the stroke, as it 
Is in those engines working a constant mass of fluid, for here the mass 
of working fluid is variable.) 

• 
The heat supplied per pound will be, in thermal units, 

equations (93) and (260), 

h = c{T,- T;) + K 
= 0.46i X 181 + 237 - 24 = 291. (264) 

Efficiency of fluid, (263), (264)— 

??±^ = 0.0907, 
291 ' 

which we will call nine per cent. 
Efficiency of furnace — 

^l!^ = 0.36, 

0.09 

or 36 per cent ; that is, 36 per cent of the theoretical heat of 
combustion of the naphtha, as determined by its chemical 
composition, is utilized by the boiler. This is a good result 
for so small a boiler. 

139« Bemarks* In the design of this engine about 
four square feet of heating surface per horse-power was 
allowed. This is about one fourth of what would be al- 
lowed in the design of a steam boiler. In the former 
engine the boiler is completely filled with the flame of the 
burning fluid, and thus is made quite efiicient. 

The naphtha engine has met with much favor for propel- 
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ling steam launclies and yachts. Their great compactness is 
apparent from the preceding report ; pressure is raised very 
quickly not only on account of the low boiling point of 
naphtha, but especially on account of its very volatile and 
highly inflammable character when used for fuel. As soon 
as the supply is cut off, the flame ceases, and no vapor is left 
in the boiler to be blown off or cooled down, as in the steam- 
engine. As a fuel it is more conveniently stored in pipes 
and vessels in the lower part of the boat than coal can l>e. 
It appears to be quite as efficient as a steam plant of this 
power — if not more so. But every power has disadvan- 
tages ; and this is objectionable for general purposes on ac- 
count of the very volatile and inflammable character of 
the fluid, endangering as it might all combustible material in 
its vicinity, and becoming more dangerous the greater the 
quantity stored ; still it is especially adapted to launches. 

140. Ammonia eng^iiies are those in which am- 
monia vapor is used instead of steam. These engines are 
condensing— a condition which is rendered necessary on ac- 
count of the nature of the substance. Aqua-ammonia is in- 
troduced into the boiler ; vapor is generated in precisely the 
same manner as steam, and, after it is used in the engine, it 
is condensed and pumped back into the boiler, thus using it 
over and over. 

Much interest has recently been excited in these engines 
from the fact that ammonia has been substituted for steam, 
using the same boiler and engine, and doing, it is claimed, 
the same work with less fuel. It is asserted by some writers 
that the science of Thermodijnamics teaches that the effi- 
ciency of an engine is independent of the nature of the work- 
ing fluid when used between the same limits of temperature; 
and, hence, the above fact leads such to look with suspicion 
upon the correctness of this part of the science. The fact 
is, the bove statement is correct in onlv one verv restricted 
tCase, and that case is never realized in practice ; we will, 



[140. J AMMONIA ENGINES. 275 

therefore, state distinctly some of the principles established 
by this science, bearing upon this part of the subject. 

Tlie efficiency of an enyhie is iiidependeiit of the fluid 
used when warhed between the same limits of absolute tem- 
perature^ PROVIDED ALL THE HEAT RECEIVED 18 AT ONE TEM- 
PERATURE AND ALL THAT IS REJECTED IS AT ONE LOWER TEM- 
PERATURE, the mass of fluid in the engine being constant. 
(See p. 161.) 

If the substance could be worked in this way, steam, am- 
monia, alcohol, &c., would be equally efficient. The fact 
that there is a latent heat of evaporation of the substance 
would not ailect the truth of the statement. If water could 
be worked according to this law, beginning w4th a tempei*a- 
ture of 60° R, evaporated at 250'' F., and raised to 300° F., 
the efficiency would be the same as if the substance were a 
perfect gas, or 

E = -^"^ - ^-^ = 0.314. 
300 + 460 

This will be proved for a vapor in the Addenda, Article 
112, from which it may readily be inferred to be true for 
the more general proposition. 

This gives the absolute maximum efficiency of any heat 
engine. 

But no engine works according to this law. In practical 
vapor engines^ the mass of working fluid is variable. In 
such engines, it has been shown on page 193, Eq. (o), that the 
effective work and the efficiency both depend upon the 
latent heat of evaporation and the specific heat of the sub- 
stance ; hence— 

In practice^ the efliciency of all vapor engines depends 
upon the natxcre of the working fluids and involves both the 
latent heat of evaporation and the speciflc heat. 

In a more complete theory of the vapor engine, involving 
incomplete expansion, the mean specific heat of the fluid 
and tlie latent heats of evaporation at the lower and higher 
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temperatures are involved in such a complex manner as t*» 
require a knowledge of their numerical values in order to 
determine whether, theoretically, one fluid will yield a 
higher efficiency than another. 

Again^ this science does not teach that the efficiency is 
independent of the working fluid when worked between the 
same limits of pressure. 

To illustrate this principle, observe that in Articles 110 
and 111, the work, equations (167) and (177), is expressed 
in terms of pressure only ; hence, if the same pressures can 
be obtained at lower temperatures, there may be a gain oi 
efficiencv. 

Saturated steam- at 100 lbs. per sq. in. has a temp, of 327^ F. 

(( u t( i^ u u ii u a u u u 216° F. 



Dif. 111° 

Saturated ammonia vapor at 100 lbs. per sq. in. has a 
temp, of 57° F. 

Saturated ammonia vapor at 16 lbs. per sq. in. has a 
temp, of — 23° F. 

Dif. "81)° 

The heat expended per pound of vapor above the lower 
temperature will be 

for steam, Eq. (184), 

H = llle/+//.; 

and for ammonia 

H = 80 C+ H,. 

If the indicated work, U^ is the same in both cases, since 
H^ is less for ammonia than for water and C a|po less than 
e/, the efficiency of fluid will be greater for the f onner than 
the latter. 

Again, the formula for maximum efficiency y -^ ^ « 



i 
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applicMe only to a constant mass of fluid vjihen working m 
the engine 'y and is not, in any sense, applieabU to the plant, 

Tlie efficiency of the boiler and 8team connections de- 
pends upon the absorption of heat by the fluid, radiation 
from the furnace, and radiation from tlie connections. It will 
be seen from tlie preceding remarks that a given pressure 
may be produced with ammonia at a much lower temperature 
than with steam. Such being the fact, a lower temperature 
may be maintained in the furnace, boiler, and connections, 
and hence less heat would be lost by radiation. Our know^l- 
edge of ammonia does not enable one to determine whether 
it would absorb more heat in the same time than would 
water; if it would, the per cent of heat escaping up the 
clnmney would be less, and the direct efficiency of the 
boiler thus increased. Admitting that an ammonia plant is 
more efficient than a steam plant, we see that this science 
explains the cause. But, 

Again, this science teaches that a condensing e?igine is 
more efficient than a 7ion'Condensing one, other conditions 
being the same. 

In the cases above cited that have come to the knowledge 
of the author, where the ammonia plant proved superior to 
the steam plant, the steam-engines were non-condensing, 
while the ammonia engines which replaced them were con- 
densing. Had the original steam-engines been changed to 
condensing engines there would have been an increase of 
efficiency ; but a want of knowledge of certain physical 
constants of ammonia prevent this science from determin- 
ing with certainty w-hether the efficiency would have been 
still further increased by substituting it for steam. 

If the interest on the cost of a plant and the cost for re- 
pairs be considered, a small plant involving a condens- 
ing engine may not be as economical as with a non- 
condensing one, although the former may be the more 
efficient 
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Many conditions are involved in the choice of the work- 
ing fluid, aside from its thermodynamic relations: a;s the 
first cost, its effect on the working parts, its safety or 
danger to life, and the character of the necessary nieckanisni. 

141. A binary vapor-engine is worked by means 
of two fluids, one more volatile than tlie other, tlie fluids 
being worked in separate cylinders. If a surface condenser 
of a steam-engine be cooled by ether, the ether may be 
vaporized by the heat given up by the steam, and made to 
work a vapor-engine in precisely the same manner as steam 
drives a steam-engine. The exhausted vapor of the vapor- 
engine may be passed through a surface cdndenser cooled by 
water, and pumped in its cooled condition into the con- 
denser of the steam-engine, when the former operation may 
be repeated. 

A binary-engine is, tlieoretically, no more efficient than a 
properly designed steam-engine consuming the same amonnt 
of heat, and practically is not as economical on account 
of unavoidable waste and extra cost of tlie mechanism. Bat 
a steam-engine wasteful of heat may be improved by the 
addition of an ether-engine. {Manuel du Condiicteur des 
Machines a Yapeurs comhinees^ M. du Tumbley, Lyons, 
1850-51 ; Institution of Civil Engineers^ February, 1859.) 

143. The products of combustion sometimes 
form the working fluid. In these engines the entire prod- 
ucts of combustion enter the cylinder. The principle of 
their analysis is similar to the Ericsson's hot-air engine. 
One of the most serious objections to this class of engines 
is the fact that the solid parts of the working fluid, dust 
and grit, wear out the working parts, with which they come 
in contact, rapidly. A recent attempt has been made by 
MM. Bermier Brothers, Paris, to overcome this objection, 
but as yet their engine is only an experiment. {Scientific 
American Supplement^ 1880, p. 11099.) 
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THE STEAM-INJECTOR. 
143. The Injector is a device for feeding eteam 
boilcraj in wliicli steam is taken from the boiler, and, by 
passing tbrongh the instrument, takes water with it, carrying 
tlie water and condensed steam in a steady stream back 
into the boiler. Fig. C9 shows an improved form of one of 
this class of instrnments. A valve TT is secured to the rod 
JB, and lias its seat on another valve X. A \n a, tnhe con- 
taining these valvea, and the passage of steam through tlie 



tnbe is controlled by the valve X A hollow spindle, be- 
ginning with W and terminating at C, passes through tlie 
valve X, and may be moved, independently of the latter, 
for a short distance, by means of the lever //, thus admitting 
steam to the spindle without moving the valve X, but a 
further movement of the lever will unseat the latter valve. 
The chamber J/ J/ contains a piston N N^ which terminates 



230 HEAT ENGINES. l^-^-l 

in a gradually contracting nozzle at a point 0, just beyond 
C, By a slight movement of the handle i7, steam issues 
from the orifice Cy and a partial vacuum will be formed in 
iVTA^, into which water will be forced by outside pressure, 
and then forced through the delivery tube I), and at first es- 
cape through the waste orifice /^, and as soon as a solid stream 
escapes, a further movement of the lever II closes the orifice 
P by the valve Iiy and opens the valve JT, and a continuous 
How of water will then pass the check-valve into the boiler. 
If too much water passes C some will enter the chamber 
and force the piston ^ N back, thus throttling the water, 
and if sufficient water is not admitted the reduced pressure 
p.t will cause the valve to move forward and permit more 
water to fiow in. 

144. Theory of the steam -injector. 

Let W^ =. the weight of water required of the injector 
per unit of time, 

IF = weight of steam required to force W^ into the 
boiler. The heat in the steam above that of the feed- water 
when forced into the boiler will be, in ordinary heat units, 
considering the specific heat of the water as uniform and 
equal to unity, equation (134), 

Wh = [ (t, - r,) + X AJ TT, (265) 

and this will be the heat lost by this amount of steam in the 
injector and which is assumed to be imparted to the feed- 
water. 

The heat imparted to the water, above that in the reser- 
voir from which it is taken, will be 

(r. - r,) W„ (266) 

where 

T^ = the absolute temperature of the feed-water in the tank, 
r, = the absolute temperature of the water just after it has 

passed the injector, 
r, = the absolute tempeniture of the steam in the boiler. 
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It will be shown hereafter that tlie work of lifting the 
water from the reservoir to the injector and of forcing it 
into the boiler togetlier require only a small fractional part 
of the heat energy lost by the steam in having its tempera- 
ture lowered from that of the boiler to that of the mixture 
of steam and water ; and, neglecting these two elements, 
expressions (265) and (266) become equal, giving, in terms 
of ordinary scales of temperature, 

For our present purpose it will be sufficiently accurate to 
assume that the steam supplied to the injector is pure satu- 
rated steam, or a? = 1, and that equation (77) is sufficiently 

exact, or 

Ae = 1114.4 - 0.7 T,. 

To find the velocity of the water in the passage E^ Fig. 
70, let 

p = the absolute pressure per unit in the boiler, 

p^ = *' " " " " of the atmosphere, 

F^=: the velocity of the water, 

d = weight of unity of volume of the water = 62.4 per 
cubic foot at ordinary temperatures, 

then 

V = ^/J^EEK. (268) 

The value of d may be found with sufficient accuracy by 
means of the formula at the foot of page 102, thus 

d = -1 = I , (269) 



0.008 



V600"^"t~/ 



which, for 150^ F., or 610° absolute, gives & = 61.2 
pounds, and this vahie might properly be used in equation 
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(268), but as 62.4 pounds, the weight at ordinary tempera- 
tures, will not produce an error of 1 per cent in the veloc- 
ity, and as by its use the resulting formula will be more 
generally ai)i>iicable to ordinary cases, we retain the latter. 
Just after entering the chamber 6r, the water will be under 
atmospheric pressure, and "p^ = 2116.2 pounds per square 
foot, and 2 y = 6-4.4. With these values, equation (268) 
reduces to 

(270) 



V = 1.0158 Vp - 2116.2 ft. per sec. 
If ^ be in pounds per square inch, 



V= 12.1896 i^p - 14.7 ft. per sec. 
If^ be in atmospheres. 



(271) 



V = 46.7355 V j> - \ ft. per sec. (272) 

If the diameter of the suction pipe T^be Wr times that of 
the passage E^ the velocity in it will be 

F 



F.- 



n 



(273) 



To find the area of the opening E 
iiyv the passage of the water; con- 
sider that the steam passing through 
the injector will have been con- 
densed to liquid water, then will the 
volume of the water and condensed 
steam passing the. opening }>er sec- 
ond be 0.016 ( W + IQ cubic feet, 
and if k be the area of this section, then 




^_ 0.016 (TT^ 4- irj 

The diameter will be 



V 



(274) 



rf=2/^. 
n 



(275) 
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To find the velocity of the steam issuing from the end of 
the passage f, it will be necessary to find the pressure in 
tlie condensing chamber. Let 

l\ be the pressure in the condensing chamber 2?, 

j^o, the pressure of the atmospliere on the water in the 
tank Bs 
h -=. C B^ tlie height of tlie condenser above the water in 
the tank, 

F„ the velocity of the water at F^ entering the condens- 
ing chaml)er, 

then 

TV = 2 g [^^^ - -^], (276) 

in which h is negative because the water is rained instead of 
being a positive liead. From this may be found 

^,=_p„+<yA + -^'.' (277) 

The velocity of the steam F", will be given by the general 
equation for T^, following equation (62), page 82, and after 
substituting for r, and r, their values in terms of jp and v^ 
becomes 

in which y has the value in equation (148), page 152. If 
the steam contains no moisture, this becomes 

T; = 23.2687 \i} v^- (^*) '■"*"]. (279) 

The area of the cross-pection at C will be 

jp Volvwe of steam, per see, /ooa\ 

y^ = •' ^y -./- , (280) 

and the diameter will be 



a^=,2\/ Li, (281) 
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ft 

The work done ly the injector will be that of forcing the 
mixture of steam and water against the boiler pressure p 
sufficiently far to make a displacement for TF-f- 11", pounds 
of water. Since the steam will be subjected, externally, to 
the atmosphere the resultant pressure against which the 
water is forced will be the gauge pressure, or jp -— 7>o- 
Hence, if ^ be in pounds per square inch the work will be 

Z7 = 144 (;? ~ p^ ( W + TF.) 0.016 ft. lbs. (282) 

The effideiicy as a force-pump will be 

j^_ Work done U^ 

Heat expended (r^ — r^-\- x h^) W J'^ ^ 

The efficiency of the plant If 1 pound of coal is 
equivalent to q thermal units, and n pounds are required to 
generate W pounds of steam from the temperature of the 
feed-water, then 

E' = -^— , (284) 

and if all the heat of the coal could be utilized for generat- 
ing steam and the steam were pure saturated, E' would be 
tlie same as jK But there is always a waste of heat in the 
furnace and boiler. If the q thermal units would evaporate 
71 pounds of water at and from 212^ F., if there were no 
waste of heat, and in an actual boiler a pound of coal did 
evaporate Tij pounds under the same conditions; then if T^ 
be the temperature of tlie feed-water and H the total heat 
of steam at the temperature T^ of the boiler, then 

WCH- T) = 966n,w = 966n -'^ w =znw^\ (285) 
^ *^ n ^ n 

The value of n may be, theoretically, from 11 to 15, de- 
pending upon the composition of the coal, and 7j, from to 
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11, depending upon the composition of the coal and the effi- 
ciency of tlie furnace. 

The duty will be the work done per 100 pounds of coal, 
or. 



D = 100 X 144 X gauge pressure X 



Volume 




Pounds 


of water 




offtteam 


injected 


X 


evapo- 


per lb. of 




rated per 


steam. 




lb. of coal. 



(287) 



Effect of rejecting the work of raising the water and of 
forcing it into the holler in the above analysis. 

In the following exercise it will be seen that if the gauge 
pressure be 90 pounds per square inch, and other conditions 
as there given, there will be expended 

(331 — 120 + 794) X 0.05 = 50 

thermal units in supplying 0.833 pounds of water to the 
boiler. To raise this weight of water 20 feet by suction — 
a distance too large to be realized in practice — would re- 
quire 

0.833 X 20 -^ 778 = 0.02 

thennal units, which is only yj^jnr ^^ ^^5 *^^ hence may be 
omitted in the computation. 

The work of forcing 0.833 pounds into the boiler will be, 
equation (282), in thermal units, 

C^ = 144 X 90 X 0.833 X 0.016 ^ 778 = 0.22, 

which is also so small compared with 50 that it may be 

omitted. The theory above given, in which these two 

items are omitted, is, then, sufficiently accurate for engi- 
neering purposes. 

EXERCISE. 

If the steam pressure in a boiler is 90 pounds gauge per 
square inch, height of suction 4 feet, and the boiler is re- 
quired to make 3000 pounds of steam per hour ; required 
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the area of the section k of the passage if for the water, the 
velocity of the steam K, at C\ the diameter of the suction- 
pipe, its section, being 5 times that of the section k (which 
is an average of actual values), the steam containing 10 per 
cent of moisture, tlie feed-water in the tank being 60°, the 
temperature of the mixture of water and condensed steam 
120° before it is forced into the boiler ; also the ratio of the 
velocity of the steam to that of the water, and the weight 
of water to that of the steam. 

We have 

p = 104 7, /a = 4, ^4 = 60% Ta = 130% n - 5. 
From Bteam table, or equation (80), page 97, find Tx = 330%9 F. 

m = — = 0.833 lbs. per second. 
36J0 

K = 1114.4 - 0.7 X 330.9 = 8S2.6, Eq. (87). 

J-i = 0.9; . •. J-, A = 794.34. 

ir = 02 -6tn 0883 o.049821bs., Eq. (267). Call this result 0.05. 

331.13- J20 4- 794.34 ^ 

^« = 166. 

V = 12.1896 V'90 = 115.63 ft..vel. of water at E and G, Fii?. 70. Eq. (271). 

^ ^ a016 (0.05 -f 0.833) ^ q qqio2 gq. ft. = 0.017568 sq. in., Eq. (274). 
115.63 ^ M . H V / 

d = 0.149 in., diameter of water passage ^or G, Eq. (275). 

p, = 2116.2 - 4 X 62.2 - ?^ '^-^-il^ = 1862.12 lbs. per sq. ft. 
^ 25 X 64.4 ^ ^ 

= 12 931 lbs. per sq. in. at F, Eq. (277). 

V =z 4.217, volume of one ix)und of steam at 104.7 lbs., Eq. (86). 

F, = 23.2687 A/iOi.! X 144 X 4.217 fl - /.!li??iy-"»'"| 

= 2572.3 ft. per sec. velocity of the steam at C, Eq. (278). 

Fl = 4.22 X 0.05 X 144 -f 2572.3 = 0.0110 sq. in., Eq. (280). 

(fl = 0.12, diameter of steam nozzle, Eq. (281). 
Vil. o f Hen m. _ 2572.3 
Vd. ftf' water ~ 115.03 



= 22. 



No allowance has been made in this computation for contraction or 
frictional resistances, and hence the diameters must be made larger than 
here found in order to deliver the assumed amounts. The diameters 
should b'j about 1.1 to 1.2 times those here found. 



[144.] 



rf 



THEORY OF THE STEAM-INJECTOR. 



287 



U= 144 X OD X (0.833 + 0.05) X O.OIG = 183.099 ft. lbs., Eq. (282). 

= 0.235 thermal units. 

B= ^^^^ — = 0.0346, Eq. (283). or the efficiency is less than one- 
10.)5 X 05 i . / J 

half of one per cent. 

If 10 pounds of coal evaporates 1 pound of water at and from 212* 
F,, it will require, under the conditions of this exercise, to evaporate 
0.05 pound of water, 

w = ^-'^^' (1182.8-60) ^ 0.03581 lb., Eq (285). 

966 X 10 • 1 ' . 

If the coal be equivalent to pure carbon, it would evaix)rate, with- 
out loss of heat, 14500 + 986 = 15 lbs. at and from 212^ F., and if one 
pound in the plant actiially would evaporate 10 lbs., then would the effi- 
cien:-y of the plant be 

E' = ^P.^l- . 19 = 0.00418 X - = 0.00279, Eq. (286). 

778 X 0.05 (1183 - 60) 15 3 > h y / 

Duty = 1298000 X (16.6 x 0.016) X 10 = 3143173 ft. lb:., Eq. (287). 



TABLE 1. 

GlVINO CERTAIN RELATIONS WHEN TFIE DELIVERY INTO TUB BOILER 18 
1 POUND OF WATER PER SECOND, NEGLECTING LIFT AND WORK OP 
FORCING TUE WATER INTO THE BOILER ; TEMPERATURE OF THE 
FEED-W.\TE^ BEING 60° F., AND OF THE MIXTURE AND STEAM BE- 
FORE ENTERING THE BOILER 160" F. 



Onii<^ 

Preetture. 



30 

40 

50 

60 

70 

80 

90 

100 

120 

140 

160 



Diameter 
of Sttvim 
Nuzzle ill 



Diameter 
of Water 
Nozzlo in 



n) 



Inchc'^ 


Inchen. 


Eq. <2S1.) 


Eq. (k>:5.) 


0.28 


0.21 


24 


0.20 


0.22 


0.19 


20 


0.18 


0.18 


0.178 


0.17 


0.172 


0.167 


0.166 


0.159 


0.160 


0.142 


0.154 


0.133 


0.149 


127 


0.143 



Velocity 

of Steam, 

Vt. per 

Second. 

Eq. (279.) 



2007 9 
2178.8 
2213.5 
2428.8 
2522.3 
2554.1 
2590.6 
2735.8 
2842.7 
2922.8 
2999.7 



(2) 



(3) 



(4) 



Veloeitv 
of steam 



Ratio of 



.md Water, Velocilie». 

Ft. per Col. 

Second. 
Eq. (271.) 




Ratio of -, . - 

Weight of ,?^''*» '". 

Water to ^ olmue of 



66.7 

77.1 

86.2 

94.4 

101.2 

108.0 

115.6 

121.8 

133.5 

144.2 



St«im, 


.-team to 


Eq («i7.) 


\S aler. 


10.3 


55.9 


10.8 


46.2 


10.4 


89.4 


10.5 


34.4 


10.5 


30.4 


10.5 


37.6 


10.5 


25.2 


10.5 


22.8 


10.6 


19.6 


10.6 


17.2 


10.6 


15.8 



(7) 



(8) 
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As the temperature 160" F. of the mixture of steam and water is near 
the higher limit of rdinhlc worlcing of the injector, we take another case 
of lower temiieniturc. 

TABLE II. 

Giving results from the same data as for Table I , except 
THAT the Temperature of the Mixture is assumed to be 
140** F. 



Oange 
Pre«eure. 


Diameter 

of Steam 

Nozzle in 

Inches. 

Eq (281 ) 


Diameter 
of Water 
Nozzle in 
Inches. 
Eq (275) 


Velocity 

of Steam, 

Ft. per 

Second. 

Eq. (2T9.) 


Velocity 

of Steam 

and Water, 

Ft. per 

Second. 

Eq. (Un.) 


Ratio of 
Velocities. 

Col. 
(4) * (6). 


Ratio of 

WelRht of 

Water to 

Steam. 

Eq.(a67.) 


Ratio of 

Volume of • 

Steam to 

Water. 


80 

40 

50 

60 

70 

90 

100 

120 

140 

160 


.25 

.218 

.197 

.158 

.150 

.146 

.187 

.125 

.116 

.108 


.18 

.202 

.190 

.180 

.175 

.164 

.160 

.153 

.147 

.14^ 


2030 

2211 

2826 . 

2481 

2526 

2677 

2748 

2845 

2984 

8008 


66.7 

77.1 
88.2 
94.4 
101.2 
115.6 
121.9 
188 5 
144 2 
154.2 


80.4 
28.0 
27.0 
25.6 
24.9 
23.1 
22.5 
21.8 
20.8 
19.5 


18.31 
18.29 
13.29 
18 88 
14.52 
18.42 
18.60 
18.49 
13.58 
18 58 


44.2 

86.3 

31.1 

27.1 

22.0 . 

19.6 

17.7 

15.4 

18.5 

12.0 


(1) 


(2) 


{») 


(4) 


(5) 


(6) 


(7) 


(8) 



145. Approximate Formulas. Certain general 
inferences will be apparent if we assume average condi- 
tions. 

Let T, = 60° P., T, = 150° F.,- and a? = 1, then, equation 
(267), 

IF" QAA J. 1 

(2SS) 



Tro_ 964.4 1 rry 



\v 



90 



300 



If the gauge pressure be 80 pounds, then T^ = 323° F., 
and 



w 







= 11.79; 



that is, under ordinary conditions, 1 pound of steam will 
inject about 12 pounds of water into the boiler; or 13 
pounds, including its own weight. 
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For tlie diameter of tbe cylindrical water-passage, E^ 
equation (275), 

that is, the diameter will vary directly as the square root of 
the weight of water injected per second, and inversely as 
the fourth root of the gauge boiler pressure. 

The velocity of the steam, according to the preceding 
tables, will be about half a mile per second. 

The velocity of the water will be about 100 feet per sec- 
ond. 

The duty will be, if gauge pressure = 80, and 9 pounds 
of steam be generated per pound of coal, 

1) = 1152000 X 12 X 0.016 X 9 nearly = 2000000 nearly. 

Since there will be some f rictional resistance and radiation, 
and since 9 pounds of water are rarely evaporated at 80 
pounds gauge, the duty would be somewhat less than 
2000000. 

Efficiency, equation (283), 

E= JM>< ^^^ X 13 X 0.010 ^ 0.00293, (300) 
778 X 1059 XI ^ \ ) 

which is about -^^ of 1 per cent. The efficiency of the 
plant would be about ^ of 1 per cent as a pump. 

146, Iiyector compared with Direct-Acting 
Puinx>. By comparing these results with those on page 
182 it will be seen that the efficiency and duty of the in- 
jector are much less than that of a direct-acting pump — being 
about \ as efficient. This is for service as a pump. But as 
a heat device, if there be nj radiation nor lift of feed-water 
the efficiency of the injector will be pej'fect ; similarly, if 
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all the exhaust heat from the direct-acting pump be re- 
turned to the boiler, and there be no radiation, the heat 
efficiency of the pump will also be perfect / and hence in 
either case wovld cost nothing for fuel. In both cases the 
furnace (or boiler) heats the water from the temperature of 
the feed to that of the boiler. If there be no losses from 
radiation, the difference in tiie cost for fuel in running the 
two devices will be that which furnishes the steam for run- 
ning the pump for doing the same work, if this steam be 
wasted at the exliaust. To illustrate : the work done by 1 
pound of steam in the approximate cases above is that of 
forcing 13 pounds of water against 80 pounds pressure, 
and is 

d= 144 X 80 X 13 X 0.016 = 2396 ft. lbs. 

One pound of steam in the direct-acting pump will, at 
about 70 or 80 lbs. boiler pressure, do the actual work of 

10,000 foot-pounds ; 

hence, to do 2396 foot-pounds will require 

2396 -r- 10000 = 0.24 lbs., nearly, 

of steam ; hence, it requires, in this case, about 24 hun- 
dredths as much steam to feed the boiler with a direct-act- 
ing pump as with an injector. But this steam is saved by 
the injector, and, we assume, is wasted by the pump. If 
1 pound of coal generate 8J pounds of steam under a 
pressure of 80 lbs. gauge, this waste will require 0.24 -r- 8.5 
= 0.0282 pounds of coal for every 12 pounds of feed-water 
forced into the boiler. To evaporate this 12 pounds of 
water will require 12 -=- 8.5 = 1.41 pounds of coal ; hence, 
the fractional part of the fuel required by the pump will be 

0.0282 -r- 1.41 = 0.02, 
or about 2 per cent of the fuel burned in the furnace. 
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Or, if the engine requires 30 pounds of feed-water per 
horse^power per hour, it will require 

0.0282 X U = 0.0705 

pounds of coal to work the feed-pump per hour per horse- 
power ; and if the plant requires 3^ pounds of coal per horse- 
power per hour, then will the fractional part of the fuel re- 
quired by the feed-pump be 

0705 



35000 



= 0.0201, 



or about 2 per cent of the fuel burned, as before found. 

The low efficiency of the injector, as a pump, is due to 
the fact that the high velocity of the steam is very suddenly 
reduced to a comparatively low one by its impact against 
the non-elastic water, and the kinetic energy lost by the 
steam will be as the diflEerence of the squares of the velocity 
before impact and that after. 

Considering the velocity of the steam as 25 times that of 
tlie mixture, and the weight of the mixture as 13 times that 
of the steam, the kinetic energy of the mixture will be 

13 (,V)' = 0.0208 

of the initial energy of the steam ; or 98 per cent of the 
initial energy is lost by the change of velocity at jE The 
2 per cent remaining is gradually diminished on account 
of the decreasing velocity in the passage from 6^^ to F! 

The thermodynamic theory of the inspirator is the same 
as that of the injector. 

Steam-injectors are also used as pumps where intermit- 
tent action is required, as in the hold of a ship, and in 
mines; also as ejector- condensers when attached to the 
escape-pipe of a condensing engine to avoid the use of an 
air-pump ; also as a gas-pump where it was more efficient 
than as a water-pump ; also as a steam-blower ; and also in 
the well-known case of the locomotive exhaust. 
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THE PULSOMETER. 

147. The Pulsometer is a pump consisting prin- 
cipally of two bottle-shaped chambers, A^ A, joined together 
side by side, with tapering necks bent toward each other, 
uniting in one common upright passage, into which a small 

ball, (7, is fitted so as to oscillate 
with a slight rolling motion be- 
tween seats formed in the junc- 
tion. 

These chambers also connect by 
means of openings with the verti- 
cal induction passage, 2?, having 
valves, ^, ^, and their seats, i^, i^. 
The delivery passage, //, which 
is common to both chambers, is 
also constructed so that in the 
openings that communicate with 
each cylinder are placed valve- 
seats fitted for the reception of the 
same style of valves, G, G^ as in the induction pasF^e. 

J represents the vacuum chamber, cast with and between 
the necks of cliambers A^ Ay and connects only with the in- 
duction passage below the valves £, E, 

A small brass air check-valve is screwed into the neck of 
each chamber. A, Ay and one into the vacuum chamber «/, 
so that their stems hang downward. Those in the chamber 
allow a small quantity of air to enter above the water, to 
prevent the steam from agitating it on its first entrance. 

Conceive that the left chamber is full of water ; steam 
passes to the left of the valve C, and acting by its pressure 
directly upon the upper surface of the water, forces the 
water through the valve G and into the air chamber f/. 
During this operation the chamber A is being filled, and 
water by its momentum finally drives the valve C to the 




FIG. 71. 
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left, thus cutting off steam communication with the left 
chamber in which the steam condenses, forming a vacuum, 
when water will be forced tlirough tlie valve E by at- 
mospheric pressure into the left chamber, while the steam 
is forcing the water out of the right chamber. All the 
steam entering the pump is condensed and forced out with 
the other water; and the temperature of the discharged 
water will be higher than that entering the pump. 

148. Analysis. The work done by the pulsometer 
will be that of lifting the water from the source to the 
pump by the operation usually called "suction," and of 
lifting this water and the condensed steam to the point of 
delivery — neglecting losses, such as friction, contractions, 
etc. 

Let 

ir^ be the weight of water raised in a unit of time, 
IF, the weight of steam used in the same time, 
T„ the temperature of the water at the source, 
r,, " " " " mixture, 

T, " " " " steam, 

Ae, the latent heat of evaporation of the steam, 
A„ the height of the pump above the source, 
A„ " " " " delivery above the pump, 
A, the total height = A, -j- ^i* 

Considering the specific heat of water as constant and 
equal to unity, the heat lost by the steam will be 

and the heat gained by the water will be 

in {T, - T,), 

and no allowance being made for radiation, these will be 
equal ; 
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. W,_T-T,+K 



W 2.-2 



(301) 



Observing the boiler pressure, and the temperature of the 
water before and after mixture, the ratio of the weight of 
the steam to tiiat of the water may be determined. 

The work will be 

U = W, K + ( TF. + TF) //. (302) 

If the temperature of the feed-water be the same as that 
of the source, or 7],, then will the heat expended be 

H = e/ W{T- r. + Ae); (303) 

hence the eflSciency will be 

. - H - inv\T - r. + K) ■ ^ ^ 

If the work of lifting the condensed steam and f rictional 
resistances be neglected, then 

^=J(7T^)'"-'-^^'- « 

EXERCISES. 

1. By actual measurement 105000 gallons of water were 
raised in ten hours with 274 pounds of coal a height of 38 
feet, and drawn horizontally 600 feet. If 10 per cent be 
allbwed for resistances, find the work done in ten hours, the 
weight of water raised per pound of coal and the horse- 
power ; and if a pound of coal evaporated T-J^ pounds of 
water, find the pounds of coal required per horse-power per 
hour, the weight of water raised per pound of steam, the 
increase of temperature of the water pumped, assuming its 
initial value to be 60° F., the gauge pressure 50 pounds, and 
the eflSciency, the feed-water also being 60° F. 

If a gallon be 231 cubic inches, and a cubic foot be 62.2 
pounds, then 
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Weight of water, 105000 X ^Jt X 62.2 lbs. = 873000. 
Work for 10 hours, 873000 X 38 X 1.10 ft. lbs. = 36491400. 

" " Ihour, 3649140. 

Horse-power, 1.84. 

Coal per horse-power per hour, lbs., . . . 14.8. 

Water raised per pound of coal, lbs., . 3186. 

Pounds of steam, 274 X 7i, . . . . 2000. 

Water raised per pound of steam, lbs., . . 436.5. 

Work done per pound of steam, ft. lbs., . . 16587. 

Heat in the steam above 60° F., B. T. U., . 1137. 

Increased temp, of water, 1137 -s- 436.5, Deg. F., 2.6. 

Efficiency, -J^i— = 0.0187 

•^' 1137 X 778 

Efficiency, Eq. (305) 0.0180 

or less than 2 per cent. 

The assumption in regard to the evaporating power of 
the furnace would make the efficiency of the furnace 
about 56 per cent, making the efficiency of the entire plant 
over 1 per cent. 

Diameter of discharge pipe, if the coefficient of discharge 
be 0*8 and velocity 4 feet per second, 

/ l(>50()0 X tV.V ^ 36000 . 
y 4 X 0T7854 X 0.8 """^^ ^-^^^ 

A three-inch pipe was used. 

Pressure producing a velocity of 5 feet per minute 
against the atmosphere and a head of 38 feet of water, 
pounds per square inch 31 

2. If the temperature of the source be 60° F., of the 
mixture 65° F., the g?iuge pressure 60 pounds, lift by suction 
5 feet and lift above the pump 15 feet ; required the number 
of pounds of water raised per pound of steam, the efficiency ; 
also the horse-power if 300 poimds of steam are used per 
hour. (These quantities are ideal.) 
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COMPRESSED AIR-ENGINE. 

14:9« A Compressed Air-Engine is an engine in 
which the working fluid is common air under a high tension. 
Tlie air is usually compressed by a machine called an air- 
compressor, to a tension of from 40 to 1000 pounds to the 
square inch, and stored in an air reservoir, called a receiver, 
from which it is taken for driving an engine. Any ordinary 
steam-engine may be run by compressed air ; the only prac- 
tical difficulty being the tendency of the moisture in the air 
to freeze, and thus choke the exhaust. The freezing may 
be prevented by causing a circulation of warm air about the 
exhaust passage through channels especially provided ; and 
witliout this the evil may be mitigated in a measure by a 
proper form of the exhaust passage — ^gradually enlarging it 
as it goes outward — and making it smooth, so that the ice, if 
formed, will not adhere so firmly. 

150. Analysis. We assume that the cylinder is 
filled with air of uniform procure and temperature up to 
the point of cut-off, that then it expands according to an 
assumed law, then exhausts and a uniform back pressure 
during the back stroke ; also that there is no clearance. The 

diagram cleared from irregularities and 
clearance will be similar to A B C K 
FA, Fig. 72. 
C Let 7^, be the absolute pressure FA^ 
^ y;„ the absolute pressure // C at the 
G ^ end of expansion, 

PIG. 72. p^^ the absolute back pressure II E. 

\\ tlie volume of a pound of air at the pressure /?„ 

fl^ U U (( U (( u u ^. 

I a jT a* 

{a) AdiabatiG expansion — incomplete. The work done 
per pound at full pressure will be 



D 
F 



K 
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The work done per pound during expansion will be, Ex- 
ercise 3, page 64, or the second equation in Article 56, 






6? T =:= Cv (r, — r,). 



The negative work during the return stroke will be 

hence, in the cycle, the work done per pound will be 
U = AB CEF = Cy (r, - r,) +p^ v, - p, v,. (306) 

Since the fluid is considered perfect, we have, equations 

(2) and (29), 

p^v, = Rr,=i ((7p — C) r„ 

. • . f^ = C, (r, - r,) + (6; - Q U - r, EA. (307) 

(S) Adidbatic expansion — complete. The back pressure 
will be along C />, and p^ = />„ t, = r„ and 

U= A B C D = C^(r^- r,) = Jy c, (r, - r,). (308) 

{c) If there he 'no expansion.^ p^ = p^^ t^ =: t„ and 

U={C,- (7v)fl _i^)r, (309) 

V p,y 

Equations (307) and (309) may be put in a more symmetrical form by 
introducing an auxiliary r^, thus : 

a (ri - r,) + (Cp - a) (r^ - r,^^ = C, (r, - r.) ; 

... li^^'+^L^^.^l'^l+Illi^'. (310) 

i-a (7p^ Cp Pi 7 ' y Pi 

Equation (309) will reduce to precisely the same value ; hence (307) 
and (809) become 

U= (7p(l -^*) r,. (311) 
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Making a table of values of ~, having for argument ^, the computation 
for the work may be much facilitated. Let y = 1.41, then : 





p% 


Tk 


Pi 


Tx 




Ps 


Tj 


Ps 


U 




2 


0.855 


9 


742 




8 


0.807 


10 


0.739 




4 


0.788 


11 


0.786 




5 


0.768 


12 


0.734 




6 


0.758 


13 


0.732 




7 


0.732 


14 


0.731 




B 


0.746 


15 


0.730 



Final temperatureiS. Knowing the initial temper- 
ature, the final may be found from equation (41), which is 






(312) 



Final Tevpbraturbs, thk initials beino Ti = GS^ F. or tj = 528* .66. 



Pi 
Pi 


Final Temp. Dcg. F. 


Pj 


Final Temp. Deg. F. 


2 


- 28 


9 


-181 


8 


- 76 


10 


-189 


4 


-107 


11 


-197 


6 


-129 


12 


-203 


6 


-148 


13 


-209 


7 


-160 


14 


-214 


8 


-171 


15 


-219 



Such low temperatures are fatal to successful working if 
moisture be present in the working air, as ice would he 
formed in the exhaust. Either the initial temperature must 
be considerably higher or the range of pressures must be 
small, or adiabatic expansion avoided, unless the air be 
thoroughly dry. 

{d) Let the expansion he isothermal a^fid incom/plete. 
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Then 

p, % = p^ v, = R r„ (313) 

and 

U^ = A B C E F = p,v,-\' f pdv —p,v^ 



=-P^vJl•\^log,^^^£i]. (314) 



For the same cut-off, the isothermal will lie wholly above 
the adiabatic, and 27, in equation (314) will exceed U in 
equation (306). In order to secure isothermal expansion it 
is necessary to heat the air in the cylinder during expan- 
sion. It is not, however, practical to maintain a uniform 
temperatui*e in this way. The very low final temperature ha«, 
however, in practice been prevented by working the air in 
one cylinder through a part of the full range of pressures, 
then exhausting into a receiver and there heating it, after 
which it is worked in a second cylinder. 

(e) Mapanston isothermal and complete. In this case 
the terminal pressure IT (7, Fig. 72, will equal the back 
pressure JST £; or p^ = p^ in equation (314) ; 

.-. U = DAB 0= GB OB 

= Pi '^i %e r = 122.5 T, log,, r. (315) 

Weight of air per vdnute. Let W be the number of 

pounds of working air necessary to deliver N horse-powers 

per minute, then, since U is the work in . foot-pounds per 

pound of air, 

TT r = 33000 N\ 

,^ 33000 N /Q1A\ 

.-. Tr= ^ (316) 

Volume of the cylinder. If /?„, -«„, be respectively the 
pressure and specific volume of the air before compression, 
and if the temperature of the air entering the engine be the 
same as before compression, then p^ v, = p^ "o^y and the final 
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specific volume v^ may be found when the law and amount 
of expansion are fixed. The terminal volume of IF pounds 
will be W t;„ and this will equal the volume swept through 
by the piston per minute, if there be no clearance. Let V 
be the volume of the cylinder and n the number of single 
strokes of the piston per minute, then for a double-acting 
engine, 

2n r= Wv, = WH^i 

^j- 33000 ir/?r ....^. 

2 n L 2\ 

Efficiency, In order to determine the efficiency, the full 
cycle of operations nmst be known, and tliis involves the 
law of compression, which will be considered in the discus- 
sion of the air-compressor. We know, however, if air were 
compressed according to any law and expanded according 
to the same law, there being no escape of heat by radiation 
between the states of expansion and compression, that the 
efficiency would be unity ; but there would be no resultant 
work, even neglecting the friction of the engine. 

The above formulas being for perfect conditions must be 
modified in order to conform to practice. Pernolet deter- 
mined that the moisture in the air, when converted into va- 
por, did not materially afifect the theoretical results of con- 
sidering the air as dry. The weight of air as determined 
from equation (316) must be increased to allow for clear- 
ance, leakage, and imperfect working, as is done with i\\% 
steam-engine ; and this must be still further increased in 
determining the weight of air before it enters the compres- 
sor, to allow for the imperfect working of the compressor. 

Compressed air-engines are frequently used where if 
steam were used there would be excessive condensation, as, 
ill mines and other underground work, for driving drills, 
pumps, hoisting engines and locomotives ; also for small in- 
termittent powers. 
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THE COMPflESSOR, 

151. An nlr-compressor is a kind of air-pum}) for 
receiving air at ordinary conditions, and after compressing 
it to a Ingher tension, forcing it into a vessel called a re- 
ceiver. It is not a motor, but requires a motor for driving 
it. The principles of construction are substantially the 
same as for an hydraulic pump, althougli in detail clear- 
■ anec spaces must bo as small as possible and tlie valves l>e 
eo made as to work with certainty. The valves are the most 
important details, and have received a large amount of at- 
tention from inventors and practical men. The best condi- 
tion for the proper working of the air valves, both inlet and 
exit, is to have them open and close by moving vertically 
and automatically ; and for this reason the compression cyl- 
inder has often been placed vertically, although vertically 
moving valves are need with horizontal cylinders. In the 
latter case, at least two valves at each end of the cylinder 
are commonly used — one for inlet, the other for outlet. 
When the cylinders are vertical, the compression cylinders 
are frequently single acting, and are driven by a double- 
acting steam cylinder. The steam cylinder may be vertical 
or horizontal. In some cases the axes of the cylinders liavo 
l)een inclined to each other, but the horizontal types are 
most common. Other fluids than air may be compressed 
iu such a compressor. 

Fig, i3 is a view of 
a duplex air-compressor 
made by the author and 
worked in a silver mine 
in Colorado. The two 
steam cylinders are at 
the left hand, and the 

other two are the com- "o- "^ 

pression cylinders. 

The cranks are so set that the steam in one cylinder will 
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be at full pressure when the piston in the air cylinder on 
the other side will be near the end of its stroke where re- 
sistance is greatest. 

152« Analysis. During the back stroke of the piston 
/V B t'*® ^ir flows into the cylinder ; assume 

that it has the uniform pressure D^ 
Fig. 74. During the return stroke the 
pressure rises from C to JB, and the air 
is then forced into a receiver at a press- 
ure which we assume to be uniform 
and equal to ^ ^. 

Let j9/, V,' r/ represent state C, 

Pi\ '^x'i ^/ " " ^> *h® subscripts denoting 

the states ordinarily used in this work, and the accents dis- 
tinguishing them from the notation of an engine. 

a. Adidbatic compression. The work will be, equation 

(308), 

U' = ABGD=C^ (r,' - t,'). (318) 

For air C^ = 184.77 (p. 53). We have, equation (42), 
page 61, 

< = < (Isj^ (319) 

where y = 1.4. From this the final temperature due to 
compression may be found. Thus : 



Final Tbmpbbatvbes, tbs initial Tsmpxraturk s 68« F., ob r s= SSS.eff*. 
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The temperature exceeds that of boiling water under the 
corresponding pressure before the tension reaches four 
atmospheres. 

h. Isothermal compress^ion. Here jp/ v/ = p^ v/ ; and 

U^ - ABCB^Px' t?,' - K tJ,' + A" P rf« = 132.5 r, ^lo ?' (820) 
which is equation (309). Equations (318), (319), (320), give 

^. -^--^' , nearly, (321) 

which is less than unity for all practical cases ; hence iho- 
thermal compression requires less wm^k them adiubatic com- 
pression between the same press^ires. 

Isothermal compression is secured approximately by in- 
jecting water into the cylinder in the form of a line spray 
in sufficient quantity to absorb the heat due to compression. 
The same result is secured less efficiently by performing 
part of the compression in one cylinder, and allowing the air 
to cool in a receiver, after which the compression is com- 
pleted in another cylinder. If air is compressed adiabati- 
cally, the heat lost between the compressor and the motor 
represents lost energy. If no heat were thus lost, adiabatic 
compression would be desirable. 

Energy lost by radiation. If r^ be the final temperature 
in the compressor and r, the temperature at the motor, then 
will the energy lost per pound be 

C'p(r. -r,). (322) 

Weight of water to be injected in order to reduce the 
temperature a given amount. In order to secure isothermal 
compression, the refrigerant would necessarily be indefi- 
nitely large, for otherwise its temperature would be raised. 
Let W be the pounds of water which must be injected to 
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reduce the temperature of one pound of air from T* to 7",", 
the temperature of the water being raised from T^ to T^, 
Since the specific heat of water will be considered as unity, 
we have 

w(T, - r.) = <7p (r, - r,). (323) 

Volume- of the eovipresm^ng cylinder. If there w^ere no 
losses, the volume of the compressor cylinder would be the 
same as that of a compressed-air motor doing the same work 
as expended in compression, working under the same law of 
expansion. Hence, if V be the volume of the compression 
cylinder, IP the pounds of air compressed by N' horse- 
powers per minute, U' the work necessary to compress one 
pound under an assumed law and force it into a receiver, 7> ' 
the number of single strokes of the engine, and r,' the initial 
temperature of the air, then equation (317) gives 

jp 33000 iT'^r/ WRr^ .^^,. 

Modifications. The initial pressure in tlie cylinder, ^/, 
will be less than that of the external air, for the valves ^vill 
offer some resistance to the inflow of air, and it would take 
a short time to establish equilibrium, and the temperature of 
the cylinder may expand the air. If there be any clear- 
ance, all of the compressed air would not be forced into the 
receiver. For these reasons, and also on account of the heat 
lost by radiation, the volume of the cylinder should be con- 
siderably larger than that found from equation (324). This 
would be secured by assuming the horse-powers, N\ ex- 
pended in compressing the air as proportionately larger than 
the horse-powers JF, to be delivered by the motor, but so 
many contingencies arise in practice that a definite rule can- 
not be stated beforehand. Deficiency in size in the con- 
stnietion may often be overcome in practice by increasing 
the piston speed. 
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153. Efficiency of eojnpre^sor and engine. For 
complete adiahatic expansion, equations (308) and (318) give 



^ = 



r, — r. 



— 1 






-, approx. (325) 




FTO. 7o. 



This operation may be illustrated by Fig. 75. The air 
will be taken into the compressor at 
the absolute temperature r^ at C^ then 
compressed adiabatically to temperature 
t/ at B^ then forced into the receiver at 
the constant temperature r/and pressure 
^/. The work done by the compressor 
per pound of air will be / C B IL The 
air then loses heat and enters the engine at A under the press- 
ure jd, =j9/ and a temperature T, and expands adiabatically to 
Z>, the temperature being reduced to r^, where it is exhausted. 
The work of the engine will h^ I D A H. The resultant 
work will he A B D, If no heat were lost, the tempera- 
ture at A would equal that at By and that at D equal 
that at C, orr, = r/, r, = r/ ; . • . ^= 1, or the efficiency 
would be perfect. In this case, however, A D will fall on 
B Cy and the resultant work will be zero. The compression 
might be along D A and expansion along B C. Equation 
(325) expresses the efficiency if the air enters the motor at 
a less pressure than that of II A, and exhausts it At a higher 
or lower pressure than that of C. In this case the cycle 
will not be complete. 

M(i8s of fltdd constant In some operations, especially 
in refrigerating machines, the mass of working fluid is 
constant, the operation B A being effected by abstracting 
heat, and D C by supplying heat. In this case, MAD 
and B G are adiabatics, the heat supplied along D C will 
be, per pound. 
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77. = C, (r.' - Tj, 

and abstracted along B A^ 

II, = C, (T.' - r.) ; 
also 

r r' 

1 — I . 



r ■" r" 
1 • 



and the efficiency of fluid will be 

the same as for the perfect elementary engine ; and is the 
fraction of the work which is transmuted into heat. If the 
operation were in a reversed direction, the result would be 
positive and would be the fraction of the heat absorbed 
which would be transmuted into work. 

154. Friction of air in pipes. The experiments 
at Mont Cenis gave the formula 

J?' =0.00936^, (327) 

a 

in which d is the diameter of the pipe in inches, I the 
length in feet, n the velocity in feet per second, and F the 
loss of pressure in pounds. 

EXERCISES. 

1. Required the volume of the cylinder of a double-act- 
ing air-compressor making 50 revolutions per minute to 
deliver to a compressed air-engine, making 100 revolutions, 
sufficient air to give 5 indicated horse-powers, allowing fifty 
per cent lost in the power of the compressed air. Let the 
initial temperature of the air be 60° F., and compressed iso- 
thermally to 5 atmospheres absolute, the initial pressure in 
the engine also 5 atmospheres at the same temperature. 
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Find the weight of water which must be injected \yer stroke 
at 55° F., that the temperature may not exceed 65° F. ; the 
volume of the cylinder of the engine, the point of cut-oflE 
of tlie engine that the expansion shall be complete, the 
final temperature at the end of the stroke, and the efficiency 
of the system. 

First find the work which one pound of compressed air 
will do. We have 

r. = 60 + 460 = 520, p, = 14.7 X 5 = 73.5, j^, = 14.7. 

Final temperature, r,, 520 X (i)?. degrees absolute 328. 

degreesF —164. 

Difference of temperatures, r, — r, 192. 

Work per lb. of air, Eq. (308), 184.77 X 192, ft.-lbs a5476. 

Work required per minute, 33000 X 5, ft.-lbs 165000. 

Air required per minute, lbs 4.65. 

Vol. cyl., Eq. (317), 4 65 X 53.21 X 328 ~ (200 X 2116.3)cu. ft. 0.192. 

Diameter, if stroke is li times the diameter, inches 6.55. 

Ratio of expansion, !li = (^\{:^ = (5)1 8.15. 

Air to be supplied to compressor, 4.65 X 2, lbs. per minute. . . . 9.30. 
" " •* " " per stroke, lbs 0.093. 

Vol. air cyl., Eq. (324). «/^^f f^^" • - ft 1.22. 

Diameter, if stroke is 1^ times the diameter, inches 12.1. 

Work per lb., Eq. (320), 122.5 X 520 X 0.699, ft.-lbs 44526. 

Work per minute. 44526 X 9.3, ft.-lbs 414092. 

Efficiency, 165000 -^ 414092 = '. 0.40. 

Water injected, 0.24 X 192 ^ 10, lbs. per lb. of air 4.61. 

lbs. per stroke 4.61 X 0.093 0.43. 

cu. in, per stroke 0.43 X 0.016 X 1728 11.89. 



<< it 

it *i 



If the temperature he limited to 100° F., it would require 
less than three cubic inches of water per stroke. 

2. In the preceding exercise if the compression were 
adiabatic, find the final temperature of compression, the 
final pressure being 5 atmospheres, initial temperature of 
the air, 65° F. ; also the eflSciency. 
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THE STEAM TURBINE. 

155. Steam turbines act on the same general prin- 
ciples as hydraulic turbines; an essential difference being 
that water is considered non-compressible, while steam and 
other vapors are compressible. A more general term for 
this class of turbines would be elastic vapor turhine^s. 
They may be reacting, like the Barker mill, Whitelaw or 
Scottish turbine, parallel flow, outward or inward flow. One 
is described in the Pneumatics of Hero of Alexandria. 
Rankine also mentions an inward-flow turbine which was 
used at the Glasgow City Saw Mills, and was considered 
equal in efficiency to an ordinary high-pressure engine 
{Steam Engine^ p. 538). The cJmm^ however, is not sus- 
tained by any authentic experiments. Very few of these 
turbines appear to have been in use until quite recently ; now 
they are being used to drive electrical dynamos, chiefly on 
account of the very small space occupied by them and the 
ease with which they may be located wherever desired. In 
many cases they are wasteful of steam on account of the 
clearance spaces permitting a part of the steam to pass 
through the engine without doing work, but one quite re- 
cently invented by Messrs. Dow appears to be a great im- 
provement on previous engines of this class. 

156.* Balanced outward-flow steam turbine. 

The turbine shown in Fig. 76 is the joint invention of J. H. 
Dow and H. H. Dow, of Cleveland, Ohio. A A represents 
the casing, or stationary part of the engine ; B B the rotat- 
ing wheel flrmly secured to the shaft C^ and containing the 
buckets or floats shown in the section D jD, which are ar- 
ranged in concentric circles ; and concentric with these and 
between them are rings projecting from the stationary part 
of the engine through which are cut steam passages or 
guides. Steam entering through the stationary part at jF, 
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paeges both eidesof 
the rotating disk 
FF^ into the an- 
nular cavity near 
the centre, thence 
otitivjird through 
pasiiages in the an- 
nular Rpaces be- 
tween th^ buckets, 
and tlirough the 
buckets, finally es- 
caping at the outer 
circumference at D, 
and is conducted 

away at the exhaust ^i"- W 

at G. 

It is balanced laterally by means of the disk F F, which 
is firmly secured to the shaft C; so that-i£ there be a lateral 
movement, however small, the space on one side of the disk 
will be reduced and on the other side enlarged, so that tlic 
increased amount of steam entering the latter will force it 
hack to its normal position. It is claimed that this move- 
ment may be limited to 0,002 of an iucli. The energy of 
the steam ia gradually absorbed by the wheel as it passes 
through it, thereby diminishing its pressure and causing ex- 
pansion, similar to that in a multiple-expansion engine, 
there being six componndings in this wheel. 

167. Analysis. Reaction TurHne. These may be 
constructed like the Barker mill, Scottish or AVhitelaw tur- 
bines, or other hydraulic turbines of this class. The section 
of the orifices is very much smaller than that of the arms. 
The reaction of the steam as it escapes from the arms im- 
parts to tliem a rotary motion, and, consequently, as the 
fluid passes outward in the arms a rotary motion is imparted 
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to it in common with the arms ; 
the fluid escaping in a backward 
direction relative to the motion 
of the orifices. The velocity of 
^^ ^^ exit will depend upon the three 

elements : 

1. The pressure at the orifices due to the boiler pressure, 
as if the arms were at rest ; 

2. The additional pressure due to rotation, as if the orifices 
w^ere closed ; and 

3. The velocity of the orifice relative to the earth. 

The velocity of discharge relative to the earth will be the 
resultant due to these three causes acting simultaneously. 
On account of the compressibility of the fluid and the cen- 
trifugal action, the density of the steam will increase from 
the axis of rotation outward. The centrifugal force of 
the liquid, if any, in the vapor will cause the liquid to flow 
outward more rapidly than the vapor, and thus greatly com- 
plicate the solution ; and it would be still further compli- 
cated by considering the change of temperature and of re- 
evaporation in passing outward along the arm. We will 
assume that the steam is dry saturated or slightly super- 
heated and the temperature uniform. 

Let Aj be a head producing the pressure at the entrance 
to the arms where the weight of a unit of volume is w^ and 
pressure j9,. At any distance p let the pressure be jp and 
unity of weight w ; then, since the weight will be directly 
as the pressure, we have 

jPj = A, w^, p = h^w. (328) 

The variation of pressure will be due to the centrifugal 
force of an element whose thickness is d p and base unity ; 

.'.dp = '^dp.GD'p, (329) 

9 



[157.] HEAT ENGINES. 311 

where go is tlie angular velocity per second. These equa- 
tions give 

Whi T**? (330) 

where jt?, is the pressure at the orifice, V^ the velocity of the 
orifice, and Fthe velocity due to the head A,. If F, = 0, 

P\ = P%^ ^ ^t should. The pressure due to the centrifugal 
force will be 

P^-P^=P^{^^y (331) 

The interior pressure ready to produce velocity will be 
P^ ; now, if the orifice be opened into the atmosphere, the 
resultant pressure will be jp, — /?„, when p^ is the pressure of 
one atmosphere. The velocity of exit will be found from 
equation (278), page 283, after makings = 1.3, as given in 
equation (145), page 151 ; hence 

F, = 16.705 a/p, V, [l - (^J'^ ■ (332) 

Without rotation, the velocity relative to the orifice, or 
the earth, would be 

r, = 16.705 4/ p. V, [1 - (i^)'*'^] . (333) 

The orifices have a velocity go p z=: V^ opposite to F, ; 
hence the velocity of discharge relative to the earth will be 

r=V,- F.. (334) 

The pounds of steam discharged per second will be, equa- 
tion (64), value of 7?, p. 103 ; 
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W=w,k8r= 1.8295 k 8 2?, (y V-^^^^' (335) 

in wLicli k is the coeflSicient of discharge, p^ the pressure in 
the arm at the orifice and is j:>, in equation (330), r, the tem- 
perature outside and t, the temperature in the arm, w^ the 
weight of imity of volume at tlie section of greatest con- 
traction, and W the weight discharged per second at that 
point. 

The work done by the reaction per second will be 

— (F.-F.) v., 
or per pound, 

J/^=1(F.-F.)F.. (336) 

The energy expended will be that in the steam above the 
temperature of the feed-water, and per pound will be, 
equations (93) and (77), 

H = 778 (1114.4 + 0.305 T, - T,\ (337) 

where T, is the temperature at the boiler in degrees Fahr- 
enheit and T^ that of the feed. 



The efficiency will be 



^= ^ (338) 



The horse-powers will be 



^ " 33000 • ^^^^^ 



EXERCISE. 

1. In a reaction turbine having orifices 12 inches from 
the axis of rotation, if the boiler pressure be 50 pounds 
(gauge), section of all the orifices 0.02 of a square inch, coeffi- 
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cient of discharge .50, velocity of the orifices one fourth the 
theoretical velocity due to the steam pressure when the 
engine is at rest ; find the work per second, the efficiency, 
tlie temperature of the feed-water being 60° F., the liorse- 
power and tlie pounds of water used per horse-power per 
hour. 

From Eq. (84) or from steam tables, volume of 

1 lb. of steam at 64.7 lbs. absolute, will be, cu. ft. 6.58. 

Weight of a cu. ft., lbs 0.152. 

Vol. of steam, no rotation (333), T\ cu. ft. per sec. 2223. 

Velocity of orifices J of 2223, F, 655.7. 

Revolutions per second 89.3. 

" *' minute 5358. 

Pressure at axis where steam enters the arms 64.7. 

Pressure at orifices, (330), ^„ lbs. per sq. in 140. 

Vol. of 1 lb. steam at orifices 6.58 X 64.7 -r- 140, 3.04. 

Vel. discharge relative to orifice, F„ (332) 2639. 

" " " " the earth, T\ - F. 2084. 

Work per pound, U, (336), ft. lbs 35952. 

Energy expended, H, (337), (T, = 297, T, = 60) 890732. 

Efficiency (338), per cent 4.0. 

Discharged per sec. if T, = 220°, Eq. (335), lbs. . 0.0195. 

Horse-powers 1.27. 

Steam per H. P. per hour, lbs 55. 

This result appears to make the engine quite as efficient 
as small non-condensing engines. Theoretically, the efficien- 
cy would be high if the velocity of the orifices were half 
that of the theoretical velocity of discharge, or twice that 
assumed above, but the resistance of the air to the motion 
of the arms would be so great as to consume the power of 
the engine. At the velocity in this example the speed of 
the orifices is over seven miles per minute. At 200 feet per 
second, or about ten times the average highest piston speeds, 
the efficiency would be very low, not even considering 
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prejudicial resistances. To be efficient the speed must be 
high. 



158. Out war<l •flow turbine of Fig. 76. The 
best speed for the turbine requires that the fluid shall be 
discharged with the least velocity — just sufficient to escape 
from the wheel. To accomplish this the steam must ex- 
pand down nearly to the pressure of the atmosphere. 

If the wheel is so constructed and operated that the steam 
will expand without transmission of heat, the method of 
Article 112 will be applicable, and work done per pound 
of steam would be 



^7' = J Ti - Tt fl + loff. ^] + -^^-p^^.i + (Pt -Pi) na, 



(340) 



if there were no losses from friction, contraction, eddies or 
clearances. 

To determine the speed requires a definite knowledge of 
its construction. A properly constructed wheel must run 
at a definite speed for maximum efficiency, and it cannot be 
correctly analyzed for speeds differing much from that, on 

account of eddies or whirls being 
induced, the effect of which cannot 
be formulated. 

Let 0, Fig. 78, be the centre of 

tlie wheel, a g the inner rim, h e the 

'^" outer, G a 2l guide, a J a bucket. If 

there were no friction or eddies, tlie 

analysis for several concentric circles 

^y of buckets would be the same as if 

all the work were done in one series 

of buckets ; so we treat the case as 

ty if the several series were devel- 

FIG. 78. oped into one. Let the initial ele- 
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meiit of the bucket at a be tangent to the radius af^ of 
the wheel, a ^ a tangent to the inner rim, a h tangent to the 
guide a ; also 

d a h =^ a^ the angle between the terminal element of a 
guide and the inner rim of the wheel, 
r, =: O a^ the inner radius of the wheel, 
V^ the velocity of the steam at a in the direction a ^, 
^t, the tangential component of F^ 
v„ the radial component of "F, 

and the same letters with accents to indicate similar quanti- 
ties at i, the point of discharge ; also (», the angular velocity 
of the wheel, and i!/ = TF ~- y, the mass of steam flowing 
through the wheel per second ; then 

V €08 a = Vx,^ Vi tan a = v^; 
V COS a' = 1'/, v^ tail a' = tj/. 

The rim velocities will be, respectively, 

According to the principle of mechanics — tJie difference 

oftlie moments of momenta of tlie fliiid upon entering and 

quitting the wheel into the a/ngular velocity of the wheel 

equals the energy imparted to the whsel — we have for the 

work per second, 

M {v^r — -Vt' /•') a?, 
or per pound, 

U={v,r--v:r')^, (341) 

and this should be approximately the value of equation 
(340). In the former, much the greater part of the heat of 
the steam is lost at the exhaust, while in the latter consider- 
able energy may be lost in the kinetic energy of the steam 

* In tlie Dow engine the buckets are straiglit and the angle at a acute. 
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as well as that in the exhaust. In order that there be no 
impact on entering the wheel, we have Vi = w r, and if the 
steam were discharged from the wheel radially, v^ r' would 
be zero ; as a rough approximation let it be zero, then 

U = -^„— ; . (342) 



Let n be the ratio of tlie theoretical to tlie actual value of 
?7, then 

a? r = \/~ng U. (343) 

On account of condensation, clearance and friction, n for 
non-condensing engines is from ^ to \, 

If the wheel does not run at best velocity, t%' r' will not 
be zero ; let it be 7 v^ r, in which 77 will have a different value 
for every different velocity ; also oo r will not equal v^, let it 
be f t^t ; then 

f (1 — v) = n U 



...«^=4/I^ZZr. (344) 

The number of revolutions per minute %vill be 

n r ^ 

EXERCISES. 

1. Consider a Dow steam turbine run with steam at 70 
pounds boiler pressure (gauge), using 600 pounds of steam 
per hour, the efficiency being one fourth the theoretical. 

Assume that the gauge pressure at the engine is 67 pounds, 
or about 4 per cent less than the boiler pressure, that the 
terminal pressure is 17 pounds per square inch, the inner 
radius, r = IJ. We have 
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r, = 773, r, = 679, JT,, = 778 X 894^ = 696000, 
u^ = 41.3, eq. (150), v^ -r- v, = 7.72 = ratio of expansion. 

Work per lb. of steam, Eq. (340), ft. lbs 91938. 

Work per lb. as per hypothesis, ft. lbs 25076. 

Steam per H. P. per hour, 1980000 -f- 25075 lbs. . 79. 

Velocity of inner rim if 7 = 0.1, e = 4, ft. per sec. 473. 

Revolutions per minute 43400. 

Horse-power, 600 -f- 79 7.6. 

An engine made by the Messrs. Dow had turbine wheels 
5f inches in diameter ; shaft, f inch diameter ; depth of buck- 
ets, ^ inch ; depth of guides also ^^ inch ; weight of moving 
parts, 7 pounds, 7 ounces; weight, including casing, 68 
pounds; highest measured speed with 70 pounds steam, 
35000 revolutions per minute ; so that the velocity of the 
circumference was nearly nine miles per minute. 

An approximate computation of its regular daily perform- 
ance at 70 pounds pressure gave about 10 horse-power with 
about 55 pounds of steam per horse-power per hour, the 
speed being about 25000 revolutions per minute. Accurate 
measurements will doubtless modify these results. 

2. Required the number of revolutions per minutie neces- 
sary to burst a cast-iron disk from the centrifugal force, the 
modulus of tenacity, T being 20000 and the diameter of 
the disk 6 inches, there being a hole 1 inch in diameter at 
the centre for the shaft, weight of a cubic inch J of a 
pound. 

Assume the centre of gravity of each half to be at 7- = 1.3 
inches from the centre. 

^ ^ 30 /57T' _ ./ 5 X 32.2 X 200003ri2 _ 

"■•^ ~WT ~ ^ 1.3 X i (9 - i) «• - '^*''"- 
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REFRIGERATION. 



159. A refrigerating machine is a device for pro- 
ducing relative cold. It has been repeatedly shown in the 
preceding pages that in any fluid doing work by expansion, 
without transmission of heat, the temperature is lowered. 
Advantage may be taken of this fact to produce a low tem- 
perature. Let M N^ Fig. 79, be the volume of a pound of 
the fluid when the cylinder of a compressor is full ; let it be 
compressed adiabatically to B 
and at constant pressure to A ; 
thence expanded adiabatically to 
J and at constant pressure to C, 
If the fluid be a compressible 
gas, the temperature will de- 
crease from B to A and increase 
from J to C\ but if it be a ^^^- '^^• 

vapor the temperature will be constant at constant pressure 
— some or all of the vapor being condensed during com- 
pression, and evaporation taking place during expansion. 
In both cases heat must be abstracted from the working 
fluid during the operation A B — the heat being carried 
away by the cooling substance ; and absorbed by the work- 
ing fluid during tlie operation J C — being taken from sur- 
rounding substances. The latter result is the one sought, 
and is made practical by placing the articles to be chilled in 
a room whose walls are made practically impermeable to 
the passage of heat, and abstracting heat from the room hy 
repeated operations like the one just described, the heat so 
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carried out by tlie working fluid being imparted to objects 
outside said room. 

160, Practical operation. Tlie pnictieal operation 
is shown in Fig. 80, which reprcsentu a vajwr plant. Omit- 



ting minor details, it is as follows : The working fluid is taken 
into one end of the compressor A during tiie back stroke of 
the piston, the operation being represented by »/ C, Fig. 79, 
the volume of a pound being M iVwhen the cylinder is full ; 
during the forward stroke of the piaton the fluid is com- 
pressed, the operation being represented by C B, and at B 
the valve is opened and tlie fluid forced into the coils of the 
condenser B, Fig. 80. AVater flows over the coils, reducing 
the temperature, if the fluid be a permanent gas, and liquefy- 
ing it if it be a vapor, the operation being represented by 
BA. 
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Tlie lieat absorbed by the water is wasted unless tlie 
water is used for other purposes. At the left of Fig. 80 is 
the refrigerating room (7, which should be enclosed on all 
sides, including roof and floor, with several inches in thick- 
ness of sawdust, felt, or other non-conductor of heat. This 
room contains many coils of pipe through which the fluid is 
made to flow, the coils being in the centre of the room, or, 
as is often the case, arranged about its walls. The fluid 
passes from the condenser B to this room, where, by properly 
adjusted cocks, it expands against a pressure, reducing the 
temperature and pressure until the latter is that of the initial 
in the compressor ; tlie operation being represented by A e/, 
Fig. 79. During the back or return stroke of the piston 
the fluid flows into the compressor at constant pressure, the 
pressure being maintained by the heat in the refrigerating 
room, the operation being J C. If the fluid be a gas, the 
heat of the refrigerating room increases the heat of the gas, 
the temperature at J being lower than that of the room ; but 
for a vapor the pressure and temperature are maintained 
constant by the evaporation of the liquid, its volume being 
increased from D J\jo D C. 

It will be seen that only a part of the changes here de- 
scribed are made in the compressor ; however, the indicator 
diagram C B A J represents the changes passed through by 
the circulating fluid, and represents the work done by the 
compressor. 

Let the adiabatics B (7 and ^ e/be extended indefinitely 
to the right ; then will the heat taken from the working fluid 
and carried away by the condenser \y^ G A B F\ and that 
taken from the refrigerating room will be G J C F, The 
operation is in effect that of taking the heat out of the re- 
frigerating room, adding heat to that by the compressor, and 
finally causing both heats to be carried away by the water 
which passes through the condenser. 

The operation of all refrigerating machines is essentially 
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the same in principle : condense the gas or vapor, deprive it 
of heat diminishing its volume, lower its temperature bj 
doing work, then expand it ; during the last operation heat 
is supplied by the articles to be cooled, and produces the re- 
frigerating effect. 

The heat of the refrigerating room is carried out by the 
circulating fluid to the condenser, where it is carried away by 
the water of the condenser. During its passage thither heat 
is added to the fluid by the work done upon it by the com- 
pressor raising its temperature, and by removing both heats 
at the condenser, the circulating fluid is put into a condition 
to take up heat again as it passes through the refrigerating 
room, so that the mass of circulating fluid may be constant. 
The mechanical operation of transferring the heat may be 
illustrated by the removal of water from a chamber at a 
lowel level than that of surrounding objects. For instance, 
conceive a mine having springs of water, and that the water 
is to be kept at a low level ; or conceive a room nearly but 
not quite water-tight submerged in a lake, and that the water 
in the room is to be kept at a low level. By placing a pump 
in the room the water may be raised, as fast afi it accumulates, 
to a higher level than that of surrounding objects, from 
which point it will flow away naturally. If it be not raised 
sufficiently high it will not flow slwslj. In the refrigerating 
apparatus the compressor raises the temperature of the fluid 
to a higher value than that of surrounding objects, thus en- 
abling the heat to flow away ; and by exposing it for a suffi- 
cient time it would escape by radiation without the use of 
water; but the condensing water hastens the process. 

161* Efficiency. It will be seen that a refrigerating 
machine is a heat engine reversed. Instead of transmuting 
heat into work, work is transmuted into heat. 

JjetJT, = FBAG, Fig. 79, be the heat carried 
away by the condenser H^^ F C J Q the heat taken from 
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the refrigerating room and absorbed by the circulating 
fluid ; then the work done by the compressor upon the 
fluid will be J7, - H^. 

The general expression for the efficiency is 

TT— Energy obtained {or work done) /qj./»\ 

"" Energy expended ' ^* ^ 

If the energy obtained be the heat removed from the re- 
frigerating room, and the energy expended be the work done 
on the fluid, then representing this efficiency by JF,, we have 

In practice this will exceed unity, a result due to the 
peculiar unit to which the energy sought is referred. In 
most cases tlie energy obtained is a part of the energy ex- 
pended, which is not the case in the above assumption. If 
the energy obtained be referred to the heat expended, the 
expression will be less than unity. Thus, let 

E' be the efficiency of the furnace compared with the 
heat of combustion of the fuel, 

jF", the efficiency of the engine, compared with the heat 
energy delivered to it by the furnace, 

J?'", the efficiency of the compressor referred to the en- 
gine as unity, 

^„ the efficiency of the refrigerating system compared 

with the compressor as unity ; then will the efficiency of the 

system be 

E = E\ E'\ E''\ E,. (348) 

If the cycles were Camot's, and no losses from clearance, 
friction or leakage in the engine and compressor, and the 
efficiency of the furnace be 0.70, then 

E c= 0.70 ^' "^ ^' • -3—. (349) 
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in which r, is the absolute temperature of the steam at the 
furnace, t, the temperature of the refrigerator of the en- 
gine, r^ the temperature of the condenser, and r, the tem- 
perature of the refrigerating room. The efficiency realized 
is far less than this. It appears that t?ie effidency of a re- 
frigerating Tnackine will increase as the temperatv/re of the 
condenser decreases^ and also as the temperatwe of the re- 
frigerating room increases. This is also apparent from 
general considerations, for the higher the temperature of the 
refrigerating room is allowed to be, the greater amount of 
heat will be carried away by a pound of the circulating fluid 
in expanding at constant pressure, and the lower the tem- 
perature of the condenser the less the work required of the 
compressor in raising the temperature from r, to r^. 

EXERCISE. 

1. Let the efficiency of the boiler be 0.75, of the steam 
utilized by the engine 0.15, of the engine compared with 
one without friction or other waste 0.50, of the compressor 
compared with one without waste 0.60, temperature of the 
refrigerating fluid when it leaves the condenser 75° F., 
when it leaves the refrigerating room 5° F., and that 15 per 
cent of the latter energy is lost, required the efficiency of 
the plant. And if 1 pound of coal fed to the furnace de- 
velops 12300 thermal units when completely burned, how 
many pounds of ice at 32° F. may be formed from water 
also at 32° F. for each pound of coal burned ? 

We have 

„ ^ 460 + 5 

E^ 0.75 X 0.15 X 0.50 X 0.75 X — ^- X 0.85 = 0.223, 

or the efficiency is 22.3 per cent ; that is, for each thermal 
unit contained in the coal fed to the furnace, 0.223 of a 
thermal unit will be taken from the refrigerating room. 
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If eacli pound of coal contains 12300 thermal units, then 
for each pound burned there will be 

12300 X 0.223 = 2763 

thermal units taken from the refrigerating room, and as 144 
thermal units are required to congeal 1 pound of water at 
32° (page 89), there may be congealed 

2763 -^ 144 = 19.23 pounds. 

In this solution it is assumed that a Caniot's cycle is per- 
formed. If 25 per cent of the energy were lost instead of 
15, tlie result would have been 16.8 pounds, and this is in 
the vicinity of actual values. Later we will show how purely 
theoretical results may be found. If this engine developed 
a horse-power with 3^ pounds of coal per hour, then would 
67.30 pounds of ice be made per horse-power per hour from 
water at 32° F. 

Compared with the work done by the compressor on the 
circulating fluid, the efficiency would be 

460 + 5 
E, = 0.85 — ;^^ = 5.646 ; 

that is, for every thermal unit of work done by the com- 
pressor more than 5.6 thermal units would be removed from 
the refrigerating room. 

162. The circulating fluid. Thermodynamically, 
any fluid may be the working fluid ; but there are certain phy- 
sical and practical cconsiderations which determine a choice. 
It must admit of a low temperature without congealing. Air 
offers the advantage of being abundant, without cost, and 
admitting of any desired range of temperature ; but its den- 
sity being small, the required apparatus must be correspond- 
ingly large. If vapors are used they must be capable of 
vaporizing at low temperatures. Among the substances 
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used are ammonia, iT ZT,, sulphur dioxide, S^ 0, methylic 
ether, (7, /7, {?, and sulphuric ether ; the first two of which 
are the most common, and of these we will consider ammo- 
nia especially. The general formulas will be applicable to 
any vapor. 

Grenerally brine — water thoroughly saturated with salt — 
circulates in the coils, the brine being cooled in a tank by 
the ammonia, as above described. This saves a large amount 
of ammonia. Brine may be produced that will not congeal 
until the temperature is below zero Fahrenheit. 

. 163* Some properties of ammonia. Certain 
properties of ammonia have been determined by Regnault, 
but his determination of the latent heat of vaporization and 
the specific heat of liquefied ammonia were lost during the 
reign of the Commune, in 1870 ; and these we will deter- 
mine by computation founded on the results of experiment 
and certain thermodynamic principles. 

In Helation des Experiences, Vol. II., pp. 598-607, are 
the results of Regnault's experiments upon temperature and 
corresponding pressure of saturated ammonia. These we 
have plotted in Fig. 76, the ordinates to the dots represent- 
ing the pressures, and the abscissas, temperatures. If the 
law be represented by Eankine's formula, equation (80), p. 
97, the value of C will be so email that its effect will be in- 
appreciable, and the formula 

2196 
logp = 8.4079 — ; (350) 

or, if ^ be pounds per square inch, 

.^... 2196 
log,,p = 6.2495 - -^ 

represents the results of the experiments with much accu- 
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racy from about — 20° F. to 100" F., or from about IS 
pounds per sr|uare inch to 2J5 pounds.* 



880 ^ 



240 g 
»0 I 



ISO 



-JO -30 20 40 60 80 100 120 140 160180 
Temperaiuret, Degtvet Fahr. 
Flo. 81. 

The specific heat of ammonia gas is 0..50836, which is a 
little more tlian for steam {lid. dea &P; II-, p- 162). 
Density of liquefied ammonia, that of water being miitj', 

• In the TratiaiKtu>n*ot the American Society of Mecbanlcnl Engiceers 
for 1889, I used the formula logp = 6.2460 ■ and showed Ihe dif- 
ference betn^een the computed nod observed values. Tbia formula is 
nearer correct for higher pressures. 
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827 



Temp. 



Density. Dif. 



Authority. 



D'Andreff: An. (8). 56, 817 
(** Smithsoiiinn ConU-ibutions " 
S' Vol. XXXII., 1888). 



At 16.6'C.... 0.781 Faraday. 

-10 .,..0.6492 

—68 
- 6 ....0.6429 

—75 

0.6864 

—66 

5 0.6298 

—68 
10 ... .0.6280 

—70 
15 ... .0.6160 

—71 
20 ... .0.6089 

These may be expressed very nearly by the formula 

6 = 0.6364 - 0.0014 t 

= 0.6502 - 0.000777 T, ^^^^^ 

when t is degrees centigrade and T degrees Fahrenheit. 

Density of the gas. — Begnault gives, for the theoretical 
density of the gas, 0.5894 {lid. des Exp.^ Vol. II., p. 162), 
but he also says : " The real density of ammonia gas is cer- 
tainly higher than the theoretical ; the only experimental 
density of which I have knowledge gives 0.596 " {Ibid., 
Vol. III., p. 193). We will use the latter value. 

Voluvie of a pound of the gas at the melting-point of ice. 
We have 

Vol. of a gramme of air at 0° C, 760" .... 1.293187 litres, 

or vol. of a kilog. of air at 0° C, 760~ 1.293187 cu. metres. 

{Ihid.^ Vol. I., p. 162.) Hence the weight of one litre of 
the gajB at 0° C, 760-"-, will be 

1.293187 X 0.596 = 0.770739 grammes, 

and the volume of one gramme of the gas will be 

1 



0.770739 



= 1.2973 litres. 
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Reducing this to the equivalent of one pound and cubic 

feet gives 

35 3161 
1.2973 220^^ ~ 20.7985 cu. ft. per lb. = v«. 

Valtce of li. 

This is 89.343 -^ 778 = 0.11483 of a thermal unit; 
hence, at this state, equation (28), p. 49, 

K. = 0.50836 - 0.11483 = 0.39352 ; (353) 

and, equation (31) 

y = 1.292; (354) 

and, although y will not be constant, it will practically be 
so for the superheated gas. 

164. To find the latent heat of evaporation 

of Ammonia. From equation (74), p. 95, 

K= r {v^ - V J ^ -5- c/, 

in which v, is the volume of a pound of the liquid ; and as 
this is small compared with the volume of a pound of the 
vapor it may be omitted, and we have, omitting also the 
subscripts, 

h,^Tv ^ ~ 778. (355) 

From equation (350) we have 

dp _ 2196 X 2.3026 p 



d r 778 T 



,1 ' 



. • . Ae = 6.49922 ^—. (356) 

At the state when 



?J! = ?l!Lo = 89.343, we have 

r To 

K = 580.66. 



[164.] 



LATENT HEAT OF EVAPOBATION. 



329 



This result must be for a state where v > v„; for the general theory of 
imperfect gases shows that for the same volume p ^ r is less for a small- 
er pressure, and in this case at the pressure po the gas is superheated, 
and at the point of saturation p will be less than po ; hence the latent 
heat of eeapoTotion of ammonia mu»t be lets tfian 580.66 when the specific 
wlume is 20.7986 cubic feet* 

The general value of p « ^ r will be found from the equation of the 
gas. In Vol. II. of Experiences, p. 168, Regnault has given the results 
of his experiments upon the elastic resistance of ammonia at the constant 
temperature of S.V C. (46.68** F.). These 
give the relations between the pressures 
and volumes of the actual isothermal A C, 
Fig. 82 ; tiie isothermal of the gas pass- 
ing through A, if perfect, being A B. 
These experiments reduced to volumes in 
cubic feet per pound, and pi*essures in 
pounds per square foot, are given in the 
following table : 




PIG. 82. 



TABLE. 



Relations between volumes and pressures of ammonia gas at 

THE temperature 46.58'' F.f 





Presbcbbs. 


Volumes cu. ft per lb. 






# 


Lbe. per eq. ft. 


Lbe. per sq. in. 


, 24.8716 


1862.706 


12.93 


23.157 


1958 976 


13.60 


21.944 


2064.096 


14,88 


20.7985 


2178.960 


15.18 


19.568 


2811.200 


16.05 


18.865 


2458.800 


17.08 


17 160 


2618.784 


18.19 


15.961 


2822.544 


19.60 


14.762 


8042.288 


21.13 


13.557 


3303.648 


22.94 


12.355 


8617.768 


25 12 


11.1412 


8996.820 


27.76 



* This shows that the latent heat found by Ledoux ie erroneous {Ice-MaHnn Machimt^ 
by M. Ledoux, Van Nostrand's Science Seriet, No. 40). For the volume 20.8 cubic feet 
Ledoux gives about 600 B. T. U. 

t Trans. Am. Soc. Mech. Enf^neera, 1889. 
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Assuming in equation (4), p. 18, a© = o, and neglecting all terms 
aft«r ai, it may be written in the form 

b 

Tile first, sixth, and last experiments of the preceding table give for the 
products i? V, and the corresponding values v, 



ar -- 



T (24.8716) 



- = p t> = 45897. 



^^■^ r(lM41)» =P^ = ^^' 

In these equations r = 507.24. and they give 

a = 91 005, 6 = 16921 r. n = 0.97. 

Letting a = 91, d ^ 16920 r, » = 0.97. 

7%^ equation of the gas wiU be 

PJL = 91 — 1^^20 
r TV 



l:;: = 91 - ^^, (357) 



and hence, equation (356), 

Tfie la/tent heat of ammonia is 

5065.7 /^, 16920 \ 



, _ ^y^D^ / im^\ 

= ^»2.52(l-l^) (358) 

We now proceed to find the latent heat for certain states of the fliiid. 
In Fig. 88, a represents the state of ammonia gas at the temperature of 
melting ice under tbe pressure of one atmosphere, for which the volume, 
as found above, is 20.7985 cubic feet per pound ; that is, 

oh- 20.7985, A a = 2116.3, r = 492.66. 

Let states represent the pressure and volume of the first experiment in 
the preceding table, for which 

o t = 24.8716, « « = 1862.7 lbs. per sq. ft 

State e is the last in the table, for which 

<?i = 11.141, jc = 8996.8. 



[IM.] LATENT HEAT OP EVAPOBATION. 331 

From I to fl is the actual isotbcmiat of the gas as determined by Reg- 
nault 'a experiments forilie 
temperature of M.68° F. 
As thl3 was the tempem- 
ture of the witter sur- 
munding the Lube, the 
temperature of the gas 
may have been somewhat 
less ; but we use this value 
as exact. The iaolhermul 
prolouged intt^rspcls the 
curve of saturation in 

To find the lat«nt heat 
of evaporation at e. having 
the same volume aa at a. 
It is nooessary to find the 
temperature at this poinl. 
Make 

u = 20,7985 

and equation (857) gives 



91 



'^ ao.TttBT) (^.7»83)'-" 

= 4.8753 r - 42.848 ; 

■which substituted in equation (850) gives 

log <4.8758 t - 43.B43) = 8.4079 - ?^ ; 

. ■ . r = 426.8 ; . " . if = - 34.0° F. 
Eq. (850) .-.;'= 1828,7 lbs. per sq. toot. 

= 12.7 lbs. per sq. inch ; 

and equation (858) gives 

k, = 578.M. 

It noa found above for this volume, 30.7985, that \t p ^. t were con- 
slant down to the point of saturation, the latent heat would be 580,60, a 
value eiceedlng that Just found by only 1,70 thermal units — a difference 
in the right direction, and of reasonable amount. This t«st being satis- 
factoTj, we now apply it to other slates. 
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For the state immediately below 8, on the curve of saturation, we 

have 

V = 24.872, 

and with the same equations as in the preceding case, there results 

r = 420.4; . •. 2 =—40° .OF., 
p = 1531.1 lbs. per sq. ft. = 10.6 per sq. inch, 
h^ = 579.67 thermal units. 

For state m, 

r = 507.24, or r= 46^.58 F., 

and from the same equations 

p = 11988 per sq. ft. = 88.25 per sq. inch, 
V = 3.41 cubic feet, 
Ae = 536.47 thermal units. 

For the state for which 

v = S, 

we find 

r = 468,7; .-. T=8MF., 

p = 5279 per ft. = 36.8 per inch, 

Ae = 550.52. 

Assuming the form of expression adopted by Regnault for the latent 
heat of evaporation of all substances, 

hii= d-eT-fT*, (359) 

and, using in it the data for the three last cases just given, we have 

526.47 = d - 46 58 <J - 2169 7 /, 
550.52 = d - 8.1 « - 6561 /, 
579.67 = d+ 40 e- 1600/. 

These give 

d = 555.50. e = 0.61302, / = 0.000219, 

and equation (359) gives the following as 

A more convenient formvla for the latent heat of evapo- 
ratto7i of ammonia : 

K = 555.5 - 0.613 T - 0.000219 r. (360) 

The latent heat of ammonia vapor in the table at the end 
of the volume has been computed by means of this formula. 
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165. Specific volume of liquefied ammonia. 

If the volume of a pound of water be 0.016 of a cubic foot, 
then will the volume of a pound of liquid ammonia be, 
equation (351), 

0.016 /Qfti \ 

^' "■ 0:6502 - 0.0001 T ^ ^ 

This formula is sufficiently accurate for temperatures be- 
tween •— 5° F. and 100° F. A mean value gives about 41 
pounds per cubic foot. 

166. Specific volume of ammonia g^as. From 

equation (84), page 98, 

778 A, 

T ^ ^ 
dr 

Since -w, is small compared with v^ it may bo omitted, and 
by the aid of equation (350), after omitting the subscript „ 
we have 

V =^ —^ - . -. (362) 

6.4993 p ^ ^ 

The volumes in the table of the Properties of Saturated 
Ammonia were computed from this equation. 

167. Isothermals of ammonia vapor. If the 

vapor be saturated, the isothennal will be parallel to the axis 
of v^2A A J?, Fig. 74. 

If the vapor be superheated, the equation will be (357), 
making r constant. It will be sufficiently exact for ordinary 
ranges of temperature if written 

i? i? = 91 r - 1^^. (363) 

The general equation of vapors in which the last term is 
a function of v only, will be 

p i; = a r - A- (364) 



334 BEFRIGEBATION. 11^8.] 

168. Adiabatics of ammonia vapor. If the 

vapor be continually saturated^ the equation of the adiabatic 
will be {a) or (J), page 184, or 



u 



z.xv = {Glog''-iJ^ ?iAl) L!L, (365) 



in which 4^ is the volume of the vapor and liquid when only 
the irth part of the liquid is vaporized ; but as, in our analy- 
sis, the volume of the liquid compared with tlie vapor is 
neglected, it really represents the volunre of the arth part of 
a pound of vapor ; c is the pecific heat of liquefied am- 
monia, the experimental value of which is not known, but a 
computed value is about unity, as will be found in a succeed- 
ing article. 

If the vapor he superheated^ then the first of equations 
(J.), page 48, and equation (364) give 

dH=^K,drJ^r^ d v. 

V 

But for an adiabatic d IT= 0; 

. T^dr dv^ 

r V 

.' .Kylog -- z=z a log ^; 
r, V 

where v^ and r, are inferior limits, and 

;i = -?- = ^ = 0.29725. (367) 

iC 778 X 0.3935 ^ ^ 

To obtain an equation between p and v eliminate r between 
(366) and (364), giving 
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For ammonia gas, these become 



7, \v J 



o*i«Tsa 



(369) 



1 •9979b 



p^nL^(^b)-_]^ (370) 

='^T:(fr-'?-(.Tr ("» 

the last of which is in terms of p and r as variables. 

169. The specific heat of the saturated vapor of 
aminonia is negative. Equation (140), page 147, gives, 
omitting terms containing r*, 

. 555.5 
s = l --, 



which is negative for all values of r less than 555° absolute, 
or 95° F. ; hence, for the range of temperatures ordinarily 
used in engineering practice, the specific heat of saturated 
ammonia Is negative, and the saturated vapor will condense 
with adiabatic expansion, and the liquid will evaporate with 
the compression of the vapor, and when all is vaporized will 
superheat. 

Thus, in Fig. 84, if B Cshe the curve of saturation, and 
the vapor be compressed adiabatically from any point, as (7, 
on the curve of saturation, the adiabatic C I will rise above 
B Cy and if it be expanded from the same point it will fall 
below Cs. Equation (370) is the equation of (7/, and 
(365) of CK, the part below 0. 

170, Specific heat of liquid ammonia. As- 
sume the volume m Jf , Fig. 84, of the pound of liquid to be 
constant at all pressures, and let M Dhe the absolute pres- 
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sui^e at the absolute temperature r, B Cs^ tlie curve of satu- 
•B I ration, D U^ A G^ B F^ I K^ adiabatics. 

-^JL Let the vapor be expanded from D at the 
<« pressure p and temperature r until it is 
all evaporated at state C> thence com- 
"■ pressed adiabatically to /, thence com- 
FiG. 84. pressed at constant pressure to A^ where 

it is liquefied, thence by the abstraction of heat let the pres- 
sure be I'educed to D ; then 

HDAG+ QAIK= HDCK+DCIA. 

Let the temperature of ^ J? be t + 6? r, and of /, t -f- ^ r\ 
for the vapor from B to I will be superheated, its tempera- 
ture increasing with increase of volume ; then, if c be the 
specific heat of the liquid, 

II DA G = Jcdr, 

D C I A =vdp, 

IIDCK^JK, 

G AIK ^ GABF+FBIK, 

= Jh: + Jk^{dx^^dr\ 

Equation (360) gives, since dr = d T^ 

_ ^« = 0.6130 + 0.000438 T. 
dr 

Differentiating equation (371), after which dropping the 
subscripts „ since the inferior limit is arbitrary and may coin- 
cide with D (7, then, 



-^ , 0.5108 — 

Jdr rv 



.0*»7 



d r' 

The limit of the ratio —— is unity ; hence (372) becomes 

d T 
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3;J7 



c = 1.1234 + 000438 T- 



145.15 



For T 
T 
T 



(( 



it 



. c = 1.091, 
. c = 1 088, 
. c = 1.056, 
. c = 0.976. 



(373) 



-40° F.,« = 24.872; 
8M F.,^ = 8; 
46\68 F., v = 3.41 ; 
" T:± lOO-'F., «j = 1.868; 

According to formula (373) the specific heat decreases 
with increase of temperature, a principle which is true of 
water from 40° F. to about 80^ F. This computation as- 
sumes that the behavior of the liquid and vapor conforms 
exactly with the laws assigned ; a condition which rarely, if 
ever, exists. It will, therefore, ba advisable, for engineering 
purposes, to assume that the specific heat is constant, at least 
until the experimental value is determined, and equal to that 
of water — or unity. The results from 0° to 100°, genei-al- 

ized, become 

c = 1.096 -^.0012 Tnearly. 

Refrigerating System with Vapor Continually Satu- 
rated. 

171. Work of the compressor and condenser. 

In Fig. 85 let E F hQ any adiabatic, jp„ r, apply \^ A B^ 
^„ r, to Z? (7, 33:, the fraction of a 
pound of vapor at state J?, a*, at 
^, ir, at A (when it is not zero), 
x^ at «/", Fj the volume of a pound 
of vapor at B^ v^ the volume of a 
pound under the pressure j^,; the 
odd figures for subscripts belong- 
ing to the upper line, aud the 
even to the lower. 

The work of compression from F to E^ and of forcing it 
into the condenser from ^to ^, will be, equation (w), page 
192, 




FIG. 85. 



U'=^A EFD 



= ./[c(r,- 



T,) + a?. A„ - «, h 



e^ 



(374) 
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In the expansion chamber the vapor expands against a re- 
sistance, reducing the pressure from p^ to ^, and tempera- 
ture from r, to t„ doing the work A D J^ and, assuming 
an adiabatic change, the expression for the work will be 
found by writing a?, for a?, and x^ for a?, in the preceding 
equation, since all the other. quantities will remain the same ; 

.-. T? =^ADJ^j\c(r^--r^-\-x,K,-x,h^. (375) 

After the vapor is forced into the condensing chamber, its 
specific volume is reduced by condensation from AEU^ A 
(and for the sake of generalizing the analysis we assume for 
the present that it is not reduced entirely to a liquid at A^ 
but that a?, has a finite value), and the heat emitted from the 
circulating fluid — and absorbed by the condenser — will be 
the area between EA and the indefinitely extended adiabat- 
ics A J and E F^ or, 

//, = J{x,- X,) K, ; 

and the heat absorbed by ^he circulating fluid (ammonia or 
brine), which is taken from the refrigerating room^ will be 

^H, = -J {x, ~ x:) K, ; (376) 

then, 

r - U' = ii, - //.. 

Since the cycle is Carnot's, we have 

(X, — a?,) Ae, _ (X, —X,) Ae, . 



(377) 






. . . U' -V^Jix,^ X,) Jj - l) h^. 



The efiiciency, referred to the work done by the com- 
pressor, will be 
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which is independent of tlie amount of liquid evaporated,* 
as it should be. More heat, however, will be removed by 
the work of the compressor if all the liquid be evaporated 
that is possible and leave it continually saturated ; that is, 
if the fluid be vapor only at B ; and also if it be entirely 
condensed at A. These conditions require that .r, = 1 and 
a?, = ; and the equations for largest effect become 

U' =^J [c* (r, - r,) + K, + X, A„]. (370) 

L' z=^ j\c (t, - r.) - X, AeJ. (380) 

//, = ,/Ae,. (381) 

//, = e/ (aj, - x:) h^ (382) 

//, -^H^^J [Ae, - {x, - X,) h^ = Z7' - ?7'.(383) 

Eq. (365), x,:=.(^clog,^ + ^^)^. (384) 

For a?, = 0, x, = c -^ log^ -^. (385) 

= 2.3026 c ^ log,, -^. 

These formulas solve the theoretical part of the probleiti. 
The temperature of the circulating fluid in the condenser 
will be several degrees above that of the condensing 
water, depending upon the amount of condensing surface — 
say about 10° F. above ; and the temperature of the con- 
densing water will depend upon external circumstances, 
and may be 40° F. in winter and 60° F. to 70° F. in sum- 
mer. Also the temperature of the refrigerating room will 
be higher than that of the circulating fluid — say some 10° F. 
— depending upon the rapidity of the circulation and the 
amount of surface of the pipes. For the manufacture of 
ice, the refrigerating room is kept at a temperature of 
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about 15° F., and that of the brine may be between 0° F, 
and 5° F. 

173. Yolume of the compressor cylinder 

per n pounds of ammonia per stroke. 

Let V be the required volume in cubic feet and v tlie 
volume of a pound of ammonia gas at the lower tempeia- 
ture, equation (362), then 

V= nv. (380) 

173. Volume of the compressor cylinder 

to produce a (jiven refrigeratinfj effect. 

Let h^ be the thermal units abstracted per pound of 
ammonia, 

q •=. n h^^ the required number of tliermal units to be ab- 
stracted — which will also be a measure of the 
refrigerating power, 

F, the volume swept over by the piston or pistons — con- 
sidered single-acting — per revolution, 

Ny the number of revolutions per minute, 

v^ the volume of a .pound of ammonia gas at the lower 

temperature, 

then. 

N F , 



V 



' Vh ' (387) 

174. Duty. The duty of a refrigerating plant may 
be referred to the number of thermal units required to melt 
one pound of ice. The latent heat of fusion of ice at the 
pressure of one atmosphere is 144 thermal units (page 89), 
and if ^, be the thermal units abstracted by the circulating 
fluid per pound, then will the duty be 

Ice-^apaciti/j lbs. = ^it"- (388) 



[174.] 



DUTY. 



341 



If referred to one pound of coal fed to the furnace, then 



Ice-melting capacity 



Pounds of 
circulating- 
fluid i^er 
hour 



Specific 
heat 



Range of 
tempera- 
ture 



^' h;n^^i!i^^ ^' " ""144 X pounds of fuel per hi^. 



(389) 



hour, lbs. 



If w' pounds of coal evaporates W pounds of steam per 
hour, then 

Pounds of fuel per hour = — ,, (390) 

which may be used in equation (389). 



w 



EXERCISES 

1. How many thennal units will be removed from the 
refrigerating room per pound of ammonia, the highest 
average temperature of the liquid being 62° F., and that 
after expansion — 1° F., the vapor being continually satu- 
rated, and the specific heat of the liquid 1.06 ? 

Omit 0.66 in the absolute temperature. 
PromEq. (360), /*•« = 556.1. 

". " ^884),(l06x3.8026fo,..g+ »lg-)^.x.=0.9808. 



ti 



(t 



<( i* 



(885), 
(883), 



1.06 X 2.8086 



450 . 522 A iior 

556T'^'°459' ** = 0-"25. 

/<, = 455.06. 



That is, each pound of ammonia will carry away 455.06 thermal units. 
There must be taken into the compressor x^ = 93.08 per cent of vapor, 
and therefore 6.02 per cent of liquid. There mujjt be x^ = 11.25 per 
cent of liquid vaporized during the fall of temperature from 62*" F. to 
— r F. 

2. In the preceding exercise if the ammonia cools a brine 
whose specific heat is 0.8, the lowest temperature of the 
brine being 8° F., the highest 15° F., how many thermal 
units will be removed by the brine per pound, and how 
many pounds of brine will be required to absorb the heat of 
one pound of the ammonia ? 
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The heat imparted to the brine raises its temperature 16 — 8 = 7" F. ; 
hence each pound will absorb 0.8 X 7 = 5.6 thermal units. 
The ammonia imparts to the brine, equation (382), 

hi = (a-4 - orO 556.1 = 454.06. 

Let z be the pounds of brine necessary to absorb this heat in raising its 
temperature one degree, then 

0.8 X 7 e = 454.06 ; 

,'. z = 81.17 pounds. 

Wlien brine is used, larger pipes or greater velocity of the brine will be 
required than if ammonia only were used, and a lower temperature of 
the ammonia will be required. 

3. What will be the efficiency in Exercise 1 ? 

Equation (378) gives 

That is, far every thermal unit of work done by the eomprf9»oi\ 7.28 
t/iermal units will be remoeed frotn the cold ^vmn. If the work done by 
the compressor be expressed in foot-pounds, and the heat removed be in 
thermal units, then 

7 9ft 

El = ~- = 0.0093. 

That is, for every foot-pound of work done by the compressor, 0.0093 of 
a thermal unit will be abstracted from the cold room. 

4. How many pounds of water will be required by the 
condenser per pound of ammonia if condensed to a liquid 
at 63° F., the temperature of the water being increased 
from 50° F. to 64° F. ? 

The heat surrendered by the ammonia will be 7*1 = ^i, equation (381); 
and since the specific heat of water is unity, wc have 

y = ~ = 86.9 pounds. 

5. How many cubic feet of w^ater will be required in the 
preceding exercise, per pound of ammonia ? 

If less water is desirable, a greater range in its temperature must be 
allowed, and if a less range of temperature, then more water will be 
required. 
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6. What must be the volume of a single-acting compres- 
sor cylinder in Exercise 1 that it shall compress ^ of a pound 
of ammonia gas with each stroke 'i Equation (38()). 

7. In Exercise 1 find the highest and lowest pressures in 
the compressor. Equation (350). 

8. In Exercise 1 find the greatest and least specljtc vol- 
umes of the gas. E(iuation (362). 

9. In Exercise 1 find the external latent heat of evapora- 
tion at the higher and lower temperatures. (This will be 
p^ v^ andy;, v^-— neglecting the volume of the licjuid.) 

10. Find the negative work done by the compressor dur- 
ing one revolution and the positive work done by the one 
pound of ammonia in Exercise 1. 

Negative work. Eq. (379), IT = 857277. 

Positive work, Eq. (380). U" = 3282. 

11. If a compressor have two cylinders of equal size, each 
single-acting, diameter of each piston 18 inches, stroke ti4 
inches, ammonia gas entering at 0° F. and forced out at 02^ 
F., each 32 revolutions per minute ; how many thermal units 
will be removed from the cold room, no allowance being 
made for losses and the ammonia gas continually saturated ; 
what the indicated horse-power of the compressor, the 
specific heat of liquid ammonia being 1.08 ? 

Also, if 15 per cent be lost on account of clearance and 
imperfect working of the compressor and 60 per cent of the 
remainder due to losses in the refrigerating room ; how 
many pounds of ice may be made from water at 62° F. 
cooled to 32° and frozen and the ice cooled to 24° F., the 
specific heat of the water being unity and of the ice 0.50? 

Revolutions per hour 

Volume of each cylinder tt X 8X X 24 * 1728 cu. ft.. 
Working vol. displaced by pistons per hour, cu. ft.. . 
Specific vol. per lb. of gas at 0° F., Eq. (362), cu. ft. . 
Weight of gas compressed per hour, 2 n F* c, lbs. . 
Liquid taken in per stroke, Eq. (384) 





n 


— 


1920. 




V 


= 


3.583. 


2 


n V 


— 


13567. 




V 


— 


9.0. 




W 


— — 


1507. 




a-a 


ZZZ 


932. 
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Liquid eviiporated to reduce temperature, Eq. (385).. . Xa = 0.111. 

Latent heat of evaporation at 0° F /i«a = 555.6. 

Refrigeration per pound, £q. (382), tliermal units. .... As = 456.1. 

Condenser, beat removed, Eq. (381) hi = 517.5. 

Work per revolution per pound, thermal units (hi — /i,) = 61.4. 

" minute, thermal units (hi - /*,) W ■*■ 00 = 1542.3. 

Horse-power, 1542.3 -•- (33000 ^ 778) K P. - 36.30. 

Efficiency, Eq. (378) Ex = 7.42. 

Ileat removed from cold room per hour W h^ =. 687400. 

Effectual heat removed, 0.85 X 0.50 X 687400 = 292145. 

Heat expended in freezing, per lb., 30 + 4 of 8 + 144, = 178. 

Ice per hour, 292245 ■*■ 178, lbs = 1641. 

Ice per hoi-se-power per hour, lbs = 45,1. 

The HIP. of the steam-engine should be about 

36.36 -•- 0.6 H.P.= 60. 

Ice per IHP. would then be 45.1 X 0.6 lbs 27. 

At 4 lbs. coal per IHP. per hour, lbs. of ice i^er lb. 

coal = 6.8. 

12. If 120000 pounds of brine passing througli the cold 
room per hour has its temperature increased 5.2° F., spe- 
cific lieat 0.80, at an expenditure of 2000 pounds of steam 
generated by the burning of 200 pounds of coal ; how many 
pounds of water may be frozen at and from 32° F. per pound 
of coal burned ? Ans. 17. 

(This data is almost exactly that of an actual case.) 

Case in which the Gas is Superheated by Compression. 

175. Superheating. It will be seen from tlie pre- 
ceding exercise that the adjustment of liquid to vapor, in 
order to insure the largest result per pound of ammonia 

. ^x must be delicate, and can hardly be 

—— — KJL realized in practice; we therefore will 

\v j N^K now assume tliat, when the compressor 

H j J cylinder is full, the fluid is all gas, with no 

I tnlr liquid present, and is superheated at st-ate 

FIG. 8 . C. In compressing it adiabatically, let 

the path be C L \i C were on the curve of saturation, the 
vapor would become superheated by adiabatic compression. 
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Let the state / be designated by accents, as v', p\ r' ; 
and Chy double accents, as v'\p'\ r". 

The work of compression and of forcing tlie gas out of 
the compressor will be, by the aid of equation (368), 



U' = CIAD= f^ vdp. 



= ar,'+^ 



."V A -! 



[(?)-']-''4-"[^-i^.] 



A 
p dv -\-p' v' — p" V 






(392) 



n 
A 



The last reduction may be effected by finding from (368) and (866) 

p- «' _ p" V" = a (r' - r") - * ^7. - -■-„ J ■ (^) 

« 

If the vapor be saturated at state/*, sjidf B be the adia- 
batic of superheated vapor, the value of the work^/ BAD 
will be found by substituting v^, r,, ^„ respectively, for v'\ 



^'\ P", giving 



n 



fSAD = »l±i(.' - ^) - i i±i [(■;)- .].(895, 

If the vapor be superheated at state C, its volume would 
be given by equation (364), p and r being given. If it be 
saturated, v^ will be given by equations (362) and (350) 
when either j[? or r are given, this r being r, in (369), (370) 
and (371), when the initial state of the adiabatic of the 
superheated vapor is on the curve of saturation. 

Since I is an adiabatic, equation (369) will give the 
volume v' at state /, and (371) the pressure, for the temper- 
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atnre r'. This pressure is assumed to be constant during 
condensation ; during the first part, from / to jB, the con- 
densation is produced by a reduction of the temperature and 
volume, until, the temperature is that of saturation, r^, un- 
der the pressure p^^ while from B to A the temperature and 
pressure are both constant, and the reduction of volume is 
effected by the condensation of vapor to a liquid. Assuming 
that the specific heat of the vapor is constant at constant 
pressure, then, for complete liquefaction, the heat abstracted 
in the operation / A will be 

A, = c, (r' - r.) + K,. (396) 

Assume that heat is abstracted from the liquid at constant 
volume from state A^ reducing the pressure from p^ to j\^ 
and temperature from r^ to r^ ; the path of the fluid will be 
A D^ and the heat so abstracted will he H D A G. If this 

heat be abstracted from the circulating 
fluid in the cold room, then will the room 
absorb that amount of heat, and in the 
evaporation and expansion afterward an 
equal amount of heat must be supplied 
FTG. 87. from the cold room at the lower tem- 

perature before any useful amount can be absorbed by the 
circulating fluid ; and if // Dj g be the amount so absorbed 

we have 

nn A G:= II Djg. 

The heat emitted will be 

II DA a = c{r^- r,). 

Let H Dj g be tlie latent heat of evaporation in the a?,th 
part of a pound of vaj^or at the temperature r, ; then 

(This value of j-b is tlic same as Xi in (380), when w" = ; but exceeds 
ar* in Eq. (385) ) 
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The refrigeration per poimd per revolution will be 

K = Gj K, 

= n DfF -ni>jg + FfCK, 

= A„ - c (r. - rO + Cp (r" - r.), (398) 

= A„ + c (r, _ T.) - c (r, — t.) + c^ (r" - r^, 

= h - c (r. - r.) + tfp (r" - r,), (399) 

in which r, is the absolute temperature of melting ice, and 
h the total heat of vapor above r„ Article 85, Eq. (93). 
Then equations (396) and (397), 

K — K- K + ^p (^' — ''i) — K — (^v (^'' - "^0 + ^(^1 ~ '^0 
= II D A IK - K - ^p (^" - ^0 

. • . TJ' r=z J {h, — A,), (400) 

which is the equivalent of equation (391) or of (395). 

176. The efficiency will be 

EXERCISE. 

If the inferior absolute pressure of the ammonia be 29 
pounds per square inch, temperature when it leaves the 
cooling coils and enters the compressor, 36° F., then com- 
pressed adiabatically to a temperature of 117° F., then con- 
densed to saturation and to a liquid at the constant pressure 
corresponding to the 117° F., then admitted to the cooling 
coils and the temperature reduced to that corresponding to 
the initial absolute pressure, 29 pounds, then evaporated and 
heated to the initial state ; find the thermal units of refriger- 
ation and of condensation, the specific heat of the liquid 
being 1.08 ; also the efliciency. 



<1 
(I 
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Retain results only to the nearest tenth. 

Inferior temperatui-e, £q. (350) r j = 458.7. 

Hence. - T, = - 1.9. 

Absolute temperature at state C. 460.6 4-36 r' = 496.6. 

Superheating t'^t^= 37.9. 

Greatest volume of a pound, Eq. (357) for p = 4176, v' = 9.8. 

At /, absolute temperature, 117 + 460.6 r' = 577.6. 

volume, Eq. (369) v' = 2.4. 

pressure, Eq. (870) p' = 118. 

From Bio A, absolute temperature, Eq. (350) r, = 527.8. 

Hence, Ti = 67.2. 

Fall of temperature from ^ to D T, - T, == 69.1. 

Heat absorbed during this fall of temperature 1.08 X 69.1 = 74.6. 

Latent heat of e vaporat ion at — 1 ^ 9 F. , Eq. (360) . /<.« = 657. 

" ** '* " •• 66.2, " ** A,i = 515. 

Heat rejected during condensation, Eq. (396) Ai = 540.8. 

Refrigeration per lb , Eq. (398) A« = 500.7. 

Work done l)y the compressor, per lb., Eq. (400). U = 31198. 

Efficiency, Eq. (401) ^i = 12.5. 

177. Experimental Results. The following data 
and results are taken from the report of a test of a De La 
A^'ergne refrigerating plant by Messrs. K. M. Anderson and 
C. II. Page, Jr., having an ice-melting capacity of about 70 
tons in 24 hours. The test of the ice machinery was made 
when all the other machinery of the works was at rest, so that 
only the ice plant was involved in the experiment. It con- 
sisted of two single-acting vertical compressor cylinders, 
driven by a horizontal double-acting Corliss engine, as shown 
in Fig. 80, a feed pump and a condenser. The test was 
during 11 hours and 30 minutes. Two tests were made 
of the boilers, as the first indicat^id such high efficiency 
it was considered advisable to check the results. It will 
be seen that the second test also gave a high efficiency. 
The second test was during 12 hours. All the instruments 
used in the test were carefully standardized. (Thesis 1887.) 

Fuel, JFurnacb and Boilers. 

There were two double return flue boilers arranged to run, automati- 
cally, between 60 lbs. and 70 lbs. pressure (gauge). 
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Fuel, Lehigh nut (anthracite), heat of combustion, B. T. U.. . . 12229.6. 

Coal for 12 hours, lbs 4422. 

Wood for starling 877 lbs. 0.4 coal equivalent, lbs 150.8. 

Coal, total equivalent, lbs 4572.8. 

Unburnt coal, lbs 125.0. 

Coal consumed, lbs 4447.8. 

Combustible, total, lbs 8577.8. 

Coal burned per hour, lbs 370.65. 

Heat in 360.65 lbs. of coal. 360.65 X 12229.6 B. T. U 4582901. 

Coal per horse-power per hour 8.6013. 

Furnace, grate area, sq. ft 89. 

Ratio of heating surface to grate surface 35.68. 

Boilers, heating surface, sq. f t 1889. 

Water fed per hour, lbs 8559.7. 

Evaporation per lb. coal fired, lbs 9.841. 

" " " " from and at 212° 9.957. 

" " *' consumed 9.601. 

*' " " " from and at 212" 10.226. 

'* " combustible, from and at 212" 12.708. 

Average gauge pressure, lbs 66.0. 

Temperature of fire-room, deg. F 81. 

Average temperature of flue boiler, deg. F 819.28. 

" feed-water " " 180.2. 

Total heat in 8559.7 lbs. steam above 180°.2 F., B. T. U.. . 8661463. 

EflSciency of furnace and boileir, per cent, = 80.7. 

45o«iK)l 

Engii^e (Corliss). 

Piston, diameter of, inches 32. 

stroke ** ** 36. 

" speed per minute, mean, ft 194.988. 

Revolutions per minute, average 31.720. 

Average indicated horse-power 91. 18. 

Water consumed per IHF. per hour, lbs 84.104. 

Steam per IHP. per hour, lbs 25.79. 

Steam condensed in the engine, per cent 24.85. 

Average ratio of expansion 5.807. 

Steam consumption by the feed-pump per hour, lbs 50.25. 

" *' engine per hour, lbs 8509.46. 

Total heat in 8509.45 lbs. steam above 180".2 F., B. T. U. . . . 8609479. 

Heat changed to work per h., B. T. U., 91.13 X 1980000 + 778 = 281925. 

Efficiency of fluid 281925 ^ ^^^g 

8609479 
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Coal per IHP. per hour for engine, lbs. 3.55. 

" *• " " '• total.lbs 3.eo. 

COHPBESSOR. 

Number of cylinders, single-acting 2. 

Length of stroke, inches. 36. 

Diameter of pistons, each, inches 18. 

Area head end of pistons, each, sq. in 254.47. 

Average number of revolutions per m 81.720. 

Piston displacement per stroke, cu. ft 5.801. 

*• hour, both, cu. ft 20179. 

Volume of sealing t>il per hour, cu. ft 148.8. 

Volume filled with gas per hour, both, cu. f t 20086. 

Indicated horse-power, mean 76 0892. 

Heat eq. of work by compressor per hour, B. T. U 193645. 

193645 
Efficiency of compressor from coal 7=6557^7 = 0.0407. 

" " mechanism 0.755. 

Temperature of ammonia entering compressor, Deg. P 57.7. 

leaving " " 116.1. 

166 ZS&. 



Oornjoreseor*' 
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FIG. 88. 



Fig. 88 is an exact copy of one of the indicator cards taken from one 
of the compressor cylinders. The lines nearly vertical at the upper part 
of the diagram are due to the oscillations of the indicator spring. 
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Refriqeration. 

Pressure in cooling coil, lbs. absolute 28.88. 

Hence, temp, of liquid, Deg. F — 2.0. 

Temp, compressed gas, Deg. F 116.1. 

*' of gas entering the compressor, Deg. F 57.7. 

Rise of temperature due to compression, Deg. F 58.4. 

Latent heat of evaporation of 1 lb. at — 2.0 F. Eq. (358) 565.6. 

Superheating in cooling coils, 3V,0 P., B. T. U 19.27. 

Fall of temp, of liquid in cold room, Deg. P 69.4. 

Heat imparted to cold room by this fall, 1.08 X 69.1 74.95. 

Heat removed from cold room per lb., 565.6 + 19.27 — 74.95. = 509.92. 

Ammonia evaporated per hour, lbs 1670. 

" BT. U 851566. 

Equivalent in " ice-melting capacity " per hour, lbs 5996. 

for 24 hours, tons (each 2000 lbs.) 71.95. 

Ice-melting capacity per lb. of coal consumed, lbs 16.2. 

if 1 lb. coal evaporated 10 lbs. steam at 

45 lbs. pressure, lbs 16.5. 

per lb. ammonia evap., lbs 3.56. 

IHP. per hour,lb8 65.79. 

Efficibncieb. 

Efficiency of furnace and boiler (see above) 0. 807. 

•• '* steam utilized by engine (see above) 0.0634. 

" engine referred to coal 0.0511. 

"' compressor referred to engine (see above) 0.755. 



f < << If 






It 

" "coal 0.0407. 



tt 



" refrigeration referred to compressor = 4 41 

*' IHP. of engine 3.67. 

" boiler ...3.67 X 0.0643 = 0.236. 

" coal 0.236 X 0.807 = 0.190. 

tliat is, for every thermal unit in the coal there was abstracted 0.19 of a 
thermal unit from the cold room. 

In actual ice-making, only about 40 to 60 per cent of tlie 
pounds of ice-melting capacity can be produced as hard ice 
suitable for commercial purposes, giving, in this case, be- 
tween 6.4 and 9.6 pounds of hard ice. 

The experiments of Professor M. Schroter gave from 19.1 
pounds to 37.4 pounds of ice (net) per hour per indicated 
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liorse-power of the engine. (One result is given as 48.8 
poundp, but tlie test was of too sliort duration to be reliable.) 

If 4 pounds of coal were used per H. P. per hour, then 
there would be produced about 4.8 to 9.3 pounds, net, per 
pound of coal consumed. 

Ledoux remarks that manufacturers estimate about 56 
pounds per horse-power per hour measured on the driving- 
shaft ; hence, if the delivered power be 0.80 of the indi- 
cated, this would be equivalent to about 45 pounds of ice 
per indicated horse-power. M. Schroter's tests, and the 
following, by Mr. Slireve, show that this is too high, if 
commercial ice is intended. 

The amount of ice made depends upon many conditions : 
as, clearances in the cylinders, friction of median ism, speed 
of engine, losses along the pipes, losses in opening the valves^ 
leakage, losses by unavoidable radiation, losses at cans by 
water unfrozen and ice cleavages; and, these being con 
sidered, it seems advisable, in designing, to assume less thau 
half the pounds of ice-melting capacity for the probable 
pounds of commercial ice to be produced. 

178. Test of an ice-making: plant. An ice- 
making plant of the Cincinnati Ice Manufacturing & Cold 
Storage Co. was tested in 1888, by Messrs. A. L. Shreve 
and L. W. Anderson, chiefly to determine tlie amount of 
solid ice which could be manufactured in 24 hours with the 
plant running under •normal conditions. The plant con- 
sisted of two 25-ton (nominal) and one 50-ton ice-machines, 
boilers, pumps, etc., used in actual ice-making. While the 
machinery was doing its regular work, at a certain hour, 
the steam pressure was observed to be 75 pounds (gauge), 
and all the conditions of the furnace, engines, and plant 
generally were observed, and the conditions continued . as 
nearly uniform as possible for 24 hours, during which time 
108.87 tons (of 2000 lbs.) of ice were drawn, from which 
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shoald be deducted nearly a ton on account of the terminal 
condition being slightly diflEerent from the initial. The 
actual ice weighed out at 75 pounds' steam pressure, then, 
may be taken as 216,000 pounds. 

The engines were not tested at the same time, so that the 
ice per horse-power was not definitely known ; but an inde- 
pendent test of the boilers and engines was made prior to 
the " capacity " test given above, from which it appears that 
at 75 pounds' pressure, the three engines developed about 
415 indicated horse-power ; according to which 21.7 tons of 
solid ice were weighed per indicated horse-power per hour. 
The actual amount may have been several per cent more or 
less. The machines were new and bearings large, and the 
engine and compressor absorbed an average of about 52 per 
cent of the indicated horse-power of the engine. 

Absorption System. 

179« The absorption system depends upon the 
fact that water will absorb many times its volume of am- 
monia gas ; at 59° F. it will absorb 727 times its volume. 
This is a chemical action, and therefore generates heat. Ac- 
cording to Favre and Silberman, 925.7 B. T. XJ. will be 
developed for each pound of gas absorbed. This action is 
substituted for the compressor in raising the temperature of 
the ammonia after leaving the cold room. According to 
Carius, the coefficient of solubility of ammonia gas in water 
is represented by the empirical formula {t being Deg. C.) 

/3 = 1049.62 - 29.4963 t + 0.676873 e — 0.0095621 f ; 

according to which the solubility diminishes as the temper- 
ature increases and soon reaches a condition at which it 
ceases to act ; and to insure continuous working the absorp- 
tion chamber is cooled by water externally. 

The process is illustrated in Fig. 89. A solution of aqua- 
ammonia being in the generator A and heated by means of 
steam passing through coils in this chamber, the vapor of 
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ammonia is generated and rises, passing tlirongli tortuous 
waya in the analyzer C ; thence to the condenser D. The 
steam wliich rises in the analyzer C is partly condensed 
as it approaches the upper end of the vessel and falls back 
to the generator, and that which passes into the coils over 
D is led back by the ammonia drip, so that nearly pure 
ammonia gas enters the condenser D. Here the ammonia 
is at its highest pressure and temperature, and its state may 
be represented by B, Fig. 90, or by the npper right-Iiand 
corner of the indicator diagram of Fig. 88. The ammonia 
gas passes through coils of pipes 
in the condenser, about which 
circulates water; the ammonia 
being condensed to a liquid under 
a constant pressure, the path of 
the fluid being represented by 
B A, Fig. 90. The liquid passes 
to the lower part of the coils, 
or to a receiver especially provided, and thence through 
a cock, by which the reduction of pressure is regulated as 
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it passes into the cooler TL The reduction of pressure is 
represented by A D^ and .of evaporation during tlie expan- 
sion by D J, The liquid and a small amount of saturated 
vapor is now in the cooler H^ where the liquid vaporizes, 
absorbing heat, the operation being represented by J C, 
Fig. 90, or the corresponding line in Fig. 88. The brine, 
which in this system circulates in tlie cold room, is cooled 
by the cold ammonia as it passes through the cooler. 

During the process of cooling the brine, the liquid am- 
monia becomes a gas. The gas passes from the cooler // to 
the absorber K^ the pressure in ^ being kept a little lower 
than in H by the ammonia pump, shown at the right, which 
draws its supply from ^and forces it into the generator A, 
Into the absorber K^ water is forced and absorbs a large 
volume of the gas, as stated above, generating heat, the oper- 
ation for which being represented by C J?, Fig. 90, or the 
compression line in Fig. 88. In this system pure water is 
not used in the absorber, but instead thereof, water is drawn 
from the lower part of the generator A by the pipe Z, con- 
taining but little ammonia, the mixture being called '' weak 
ammoniacal liquOr." By the absorption of the gas, strong 
aqua-ammonia is formed, which is pumped back into the 
generator, and the operation repeated. 

It will be seen that the operation completes a cycle, and 
that the changes in the states of the ammonia are similar to 
those in which a compressor is used ; hence, if there were 
no losses of heat, except those described, the efficiency would 
be the same. 

The vessel K is kept sufficiently cool to facilitate the 
chemical action by means of water flowing over it. 

180. Test of absorption plant. Professor J. 
E. Denton made a seven days' continuous test of an absorp- 
tion plant with the following results.* Every element en- 

* Tran%, Am. 8oe, MeeJi, Eng,, Vol. X., May, 1889. 
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tering into the problem was, as far as practicable^ directly 
measured. 

Average pressures, above atmosphere, generator, lbs. per. sq. in. 150.77. 

steam, ** " " 47.70. 

cooler, *' •• •• 23.69. 

absorber, " '* " 23.4 

Average temperatures, Deg. F., (Generator 272. 

Condenser, inlet 54^. 

outlet 80. 

range 25^ 

" Brine, inlet 21.20. 

•* ouUet 16.14. 

" range 506. 

" Absorber, inlet 80. 

outlet 111. 

range 31. 

*' " " Heater, upper outlet to generator 212. 

•' lower " absorber. 178. 

•* inlet from absorber 132. 

Inlet from generator. ... 272. 

Waterretumed to main boilers.. 260. 

Steam per hour for boiler and ammonia pump, lbs 1986. 

Brine circulated per hour, cu. ft 1633.7. 

" *' pounds 119260. 

* ' Specific heat 0. 800. 

** Heat eliminated per pound, B. T. U 4.104. 

** Cooling capacity per 24 hours, tons of melting ice 40.67. 

per pound of steam, B. T. U 248. 

" Ice-melting capacity per 10 lbs. of steam 17.1. 



Calorics, refrigerating effect per kilo, of steam consumed 135. 

Heat rejected at condenser per hour, B. T. U 918000. 

"absorber " " " 1116000. 

' ' consumed by generator per lb. of steam condensed , B. T. U. 932. 

Condensing water per hour, lbs 36000. 

Condensing coil, approx. sq. ft. of surface 870. 

Absorber " " " " " " 350. 

Steam '* " " " ** " 200. 

Pump, Ammonia, dia. steam cyl., in 9. 

" ammonia cyl., in... 3^. 
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Pump, Ammonia, stroke, in 10. 

" revolutions per minute 22. 

Brine, steam cyl., diam., in. t 9^. 

" brine cyl.. " 8. 

stroke, in 10. 

revolutions per m 70. 

Effective stroke of pumps 0.8 of full stroke. 



CHAPTER VI. 



COMBUSTION 



181. Essential principle. Comhusti/m^ chemi- 
cally speaking, is the combination of chemical elements 
producing heat. Burning^ popularly speaking, is tlie re- 
sult of a rapid combination of oxygen with other ele- 
ments. Carbon and hydrogen are the chief elements of the 
fuel used for engineering purposes. Sulphur, another ele- 
ment, is frequently present, but is comparatively of little 
value. 

When two substances unite chemically, forming a sub- 
stance different from either, it is said that a chemical ajjinity 
exists between them. The difference between a mechanical 
mixture and a chemical combination may be illustrated in 
the case of gunpowder. The process of manufacture makes 
a mechanical mixture of charcoal, sulphur, and nitre, but if 
the gunpowder be fired a chemical combination results and 
a large volume of gas is produced, generating a large 
amount of heat and developing a strong elastic force ; and 
the original substance entirely disappears and new sub- 
stances composed of diflferent combinations of the original 
elements are formed. 

Definite proportions. In every chemical compound a 
definite and unvai'ying proportion of its elements exists 
among themselves. 

For instance, in water there is always 8 times as much 
oxygen by weight as tliere is of hydrogen, so that in 100 
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pounds of water there is 88.8 pounds of oxygen and 11.1 
pounds of hydrogen. Any chemical compound of oxy- 
gen and hydrogen in other proportions would be a sub- 
stance entiFely different from water ; or, if in the 100 parts 
there were some other element, as carbon, the substance 
would also be different from water. 

The chemical equivalent or atomic weight is expressed by 
a definite number, and the chemical principle of definite 
proportions may be expressed in the form of the two follow- 
ing: laws : 

1. The proportions by weight in which substances com- 
bine chemically can all be expressed by their chemical 
equivalents, or by simple multiples of their chemical equiva- 
lents. 

2. The chemical equivalent of a compound is the sum of 
the chemical equivalents of its constituents. 

Perfect gases at a given pressure and temperature com- 
bine in proportion to their volume. 

Neglecting fractions the following are the chemical 
equivalents for the principal elementary constituents with 
which we have to deal in fuel and air : 

TABLE I. 



• 


Symbol. 


Chemical equivalent. 




By weight. 


By volume. 


Oxvcren.. 




N 
H 
C 

S 


16 

14 

1 

12 
82 


1 


Nitrogen 


1 


Hydrogen 

Carbon * 


1 

? 


Sulphur 









The composition of a compound substance is indicated by 
writing the symbol of the elements one after the other, and 
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affixing to each symbol, in tlio form of a subscript, tne num- 
ber of its equivalents which enter into one equivalent of the 
compound. Thus, water contains two chemical equivalents 
of hydrogen to one of oxygen, and is indicated by the ex- 
pression H, O ; and the constituents by weight will be 2 H 
+ 16 O. Similarly, C 0„ carbonic acid, contains one equiva- 
lent of carbon and two of oxygen, and by weight 12 C + 
32 0. 

The following table gives the composition of several sub- 
stances : 

TABLE II. 





• 

a 


0^ 


ii 


^^ 


— £5 






*f— S 


*S 


s bo 


■t'C 


S = 




Name. 


Symbol r 

chemtca 

compoaiU* 


§5^ 


Chemical ea 
lent by w ei 


Proportion 
elementfi 
volame. 


Chemical cf] 
lent by voli 




Air 


H,0 
NH, 


N 77 + O 23 


100 
18 
17 


N 79 21 
H2-f O 
H3 + N 


100 
2 
2 


Water 


H2- 
H3H 


-0 16 
hNU 


Ammonia 


Carbonic oxide 


CO 


C12H 


h0 16 


28 


CfO 
C--02 


2 


• 


Carbonic acid 


CO, 


C12H 


h0 32 


44 


2 




Olefiant gas 


C,H4 


C12H 


hH2 


14 


CH-H2 
C--H4 


2 




Marsh gas or fire-damp. 


CH* 


C12H 


hH4 


16 


2 




Sulphurous acid 


S0« 


S 32 H 


-0 82 


64 




2 




Sulphuretted hydrogen. 


8 Ha 


8 32H 


hH2 


34 




2, 




Bisulphuret of carbon. 


S,C 


8 «4H 


hC12 


76 


i 


2 





Air is not a chemical compound, but a mechanical mixture of nitrogen 
and oxygen. 



18!3« The heat of combustion of oneponnd of a 
substance combining with suflScient oxygen to completely 
bum it has been found by experiment. The usual process 
is to surround a small furnace with a quantity of water so 
arranged as to prevent the escape of heat ; the increased 
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temperature produced in the water by the burning of each 
pound of the fuel in the furnace being a measure of the 
" heat of combustion." The results of the experiments of 
Favre and Silberman are given in the following table : 



TABLE III 

Showing the total quantities of heat evolved by the com- 
plete COMBUSTION OF ONE POUND OP COMBUSTIBLE WITH OXTOBN ; 
ADAPTED FROM THE RESULTS OBTAINED BY FaVRE AND SlLBER- 

MAN. The unit of weight in this table being one pound, 

AND THE UNIT OF TEMPERATURE ONE DEGREE FaHR. (FROM 89° 
TO 40**). 



Sobfitance. 



GAbES. 



Hydrogen 

Carbonic oxide. 

Marsh gas 

Olefiant gas... 



LIQUIDS. 

Oil of turpentine 

Alcohol 

Spermaceti (solid) 

Sulphate of carbon 



• SOLIDS. 

Carbon (wood charcoal) 

Gas coke 

Graphite from blast furnaces 

Native Graphite 

Sulphur (native) 

Phosphorus (observed by Andrews.). . 



Formula. 



H 

CO 
CH4 
C,H4 



ClO H16 

C, Ha O 
Caa H#4 0» 
CSn 



c 



Product. 



S 
P 



HaO 

c o 

0,'& H« O 
CO«&H>0 



COi«&H«0 
CO.&HiO 
COs&H. O 

a Oi & s o. 



I 



CO 
CO. 



so. 

PaOo 



Unite of 
heat. 



62,082 

4,325 

28,518 

21.848 



19.588 

12,981 

18.616 

6,122 

4,451 
14.544 
14.485 
18,972 
14,035 

4,048 
10,715 



The heat units in a pound of fuel will be nearly the sum 
of the heat units of combustion of its constituents. Take, 
for example, olefiant gas : According to Table II. the 
chemical equivalents by weight are 14, of which 12 are carbon 
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and 2, hydrogen ; or, 5 of the compound is carbon and \ 
hydrogen. Then, from Table III., we find 

\ lb. H gives | of 62032 = 8862 B. T. U.' 
f lb. carbon gives f of 14554 = 12475 " " " 

Total = 21337" " " 

which is only 6 thermal nnits less than the value given in 
the table, as deduced from experiment. 

If the principal constituents are carbon, hydrogen, and 
oxygen, it is found that the total heat of combustion in 
B. T. U. will bo given nearly by the following formula : 

h = 14500 {C + 4.28 {11 ^i O) ), 

62032 
in which 4.28 = -— — , reduces the hydrogen to an equiva- 
lent of carbon, and i O is deducted from the hydrogen, for 
it is assumed that the oxygen present unites with the hydro- 
gen, forming water. Such substances are called hydro- 
carbons. 

The total heat of combustion is usually computed from 
its chemical analysis, as shown on page 261. 

The following table gives the total heat of combustion of 
certain fuels (see Journal of United Service Institution^ 
Eng., Vol. XI., 1867 ; Box On Heat, p. 60). The speci- 
mens were of the best quality, and are too high for ordinary 
practice. Commercial coal of similar grade would be about 
0.7 to 0.8 of these values. Commercial Ijchigh (anthracite), 
analyzed at the Institute, gave 12229 B. T. U. 
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TABLE IV. 



TOTAL HEAT OF COMBUBTION OF FUEL. 



FUEX« 



I. Charcoal — from wood 

** from peat 

II. Coke— good 

** middling 

bad 

III. Coal— 

2. Dry bituminous 

3. " •* 

4. " " 

e! Caking /. 

7. " 

8. Canncl 

9. Dry long flaming 

10. Lignite 

IV. Peat— dry 

" containing 2o% moisture. . 

V. Wood— Dry 

" containing 20^ moisture. . 

VI. Mineral Oil — 

from 

to 





• 




2« 




OB 


• 

1 


1 


• 


«5 f « 


II 


5 


V 


>» 

c 






c. 


H. 


0. 


1 « 

C. ! E. 


H" 


h. 


0.93 






0.93 14 
0.80| 12 


13500 
11600 


0.94 






0.94' 14 


13620 


0.88 






0.88i 13.2 


12760 


0.82 






0.82 


12.3 


11890 


0.915 


0.085 


0.026 


1 05 15.75 


15225 


0.90 


0.04 


0.02 


1.06' 15.915370 


0.87 


0.04 


0.031.025' 15.414860 


0.80 


0.054 


0.016 


1 02 15.8 


14790 


0.77 


0.05 


0.06 


0.95 14.25 


13775 


0.88 


0.052 


0.0541.075 16.0,15837 


0.81 0.052 


0,04 


1.01 15.15|14645 


0.84 0.056 


0.08 


1.04; 15.615080 


0.77 0.052 


0.15 


0.91 


13.65 13195 


0.70 


0.05 


0.20 


0.8l!l2.15 


11745 


0.58 


0.06 


0.31 


0.66 10.0 


9660 




■^ 






7.25 


7000 


0.50 






0.50 


7.5 

5.8 


7246 
5600 


0.84 


0.16 





1.52 


22.7 


21930 


0.85 


0.15 





1.49 


22.5 


21735 



183. The incombustible matter is called asfi. 
The principal ingredients of asli are shown in the following 
analysis, which is from the geological survey of Ohio : 

Bituminous coal. Percentage of ash, 5.15. 



Silica 58.75 

Alumina 35.30 

Sesquioxide of iron 2.09 

Lime 1.20 
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Magnesia 0.68 

Potash and soda 1.08 

Phosphoric acid 0.13 

Sulphuric acid 0.24 

Sulphur, combined. 0.41 

99.88 

The proportions vary greatly with different fuels. 

184. Air required for combustion. Consider 
pure carbon. The chemical equivalent of oxygen is, ac- 
cording to Table I., |J of that of carbon. If the carbon be 
completely burned, C O^ is formed, so that the proportion 
by weight will be |f of oxygen to 1 of carbon. According 
to Table II., 0.23 of the air by weight is oxygen ; hence 

Weig?U of air per lb. of carbon = ?| -s- 0.23 = 12 lbs., nearly. 

If the compound contains carbon, liydrogen and oxygen, 
we will have, nearly, 

Weight of air per lb. fuel = ^ = 12 C + 36 (//- \ 0\ 

The following table, computed from this formula, is given 
by Rankine. 

TABLE V. 



Fuel. 



I. Charcoal— from wood 

" from peat.. 

II. Coke— good 

III. Coal— anthracite 

** dry bituminous. . 
" caking .... 

H (I 

" cannel 

** dry long flaming 
" lignite 

IV. Peat — dry 

V. Wood— dry 

VI. Mineral Oil 



c. 


H. 


O. 


0.93 


_ 




0.80 






0.94 






0.915 


0.035 


0.026 


0.87 


0.05 


0.04 


0.86 


0.05 


0.06 


0.75 


0.05 


0.05 


0.84 


0.06 


0.08 


0.77 


0.05 


0.15 


0.70 


0.05 


0.20 


0.58 


0.06 


0.31 


0.50 






0.85 


0.15 






11.16 

9.6 

11.28 

12.18 

12.06 

11.78 

10.58 

11.88 

10.32 

9.30 

7.68 

6.00 

15.65 
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Besides the air necessary to furnish the oxygen, some is 
required for dilution, so as to secure a more free access of 
air to the fuel. The above table shows that about 12 pounds 
of air is required per pound of fuel, and experiment indi- 
cates that from 1^ to 2 times this amount is required in the 
furnace for combustion and dilution. An excess of air 
causes a waste of heat by transporting an unnecessary amount 
of heat u J) the chimney, and a deficiency causes imperfect com- 
bustion. Forced draft requires less air than a natural draft. 

185. Forced draft. Most American sea-going steam- 
ers have boilers designed to bum anthracite coal with natural 
draft, and 5 to 5i pounds of coal is burned per horse-power 
per square foot of grate. Torpedo-boats, with bituminous 
coal and forced draft of 6 inches of water, may burn 96 
pounds per square foot of grate. 

In a furnace in which 19 pounds of anthracite coal were 
burned, a forced draft by means of a screw revolving in the 
chimney was introduced, causing a burning of 38^ pounds 
of coal, and a production of 80 per cent more steam than in 
the former case. In 1847 Robert L. Stevens introduced 
the plan of air-tight fire-rooms, by which means a forced 
draft was produced by forcing air into the room occupied 
by the firemen. 

186. Temperature of fire. If the volume be con- 
stant, as in case of an explosion in a closed vessel, then will 
the rise of temperature be given by equation (37), page 55 ; 
but if the pressure be constant, as in the ordinary furnace, 
then will it be given by equation (38). 

Take the case of pure carbon burned with 24 pounds of 
air. The total heat of combustion will b^. Table III., 14544 
thermal units. This heat is expended in heating 25 pounds 
of matter, of which 24 pounds is air, whose specific heat is 
0.238, and one pound of carbonic acid gas, whose specific 
heat is 0.217. Call the specific heat of the mixture 0.237 ; 
then 
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^ 14544_ ^ g^g^o p 

' 25 X 0.237 

The only measurement with a pyrometer which has come 
to my notice gives a much lower temperature than is found 
by this formula. 

187. Height of chimney. The height of the 
chimney to produce a natural draft must be such that the 
diflference between the weight of a column of the hot gases, 
having one square foot for its base and height equal to tlie 
height of the chimney, and that of a column of equal height 
of external air, shall produce the required velocity of air in 
the chimney. 

Let Wq be the weight of fuel burned in the furnace per 
second, 
y„ the volume of the air at 32° supplied per pound 

of fuel burned, 
r„, the absolute temperature at 32^, 
A^ the area of the cross-section of the chimney, 
m^ A -T- perimeter of chimney, 
r„ the absolute temperature of the gases discharged 

from the chimney, 
w^ the weight of a cubic foot of the hot gases, 
Z, the length from the furnace to the top of chimney, 
u^ the velocity of the current in the chimney per 
second ; 
then, if 24 pounds of air be supplied per pound of fuel, 

F, = 25 X 12 = 300 cu. ft. 
u A ^ w^V^-~^ = volume of gases per second ; 

• • Li — • 

A T„ 



w -li (0.0807 + -4V 

T, VJ 
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According to Peclet, the head to produce the velocity it 
will be 

2g\ ^ m J 

Having A, the height of the chimney may be found. 

Lot II be the height of chimney, 
T„ the absolute temperature of the external air ; then 

Weight of the column of air = 0.0807 . ^ //. 

" " " " " gases = (0.O8O7 +-^ )-"•//. 
" " a column of gases of length h 

= (0.O8O7 + Jr) ^' h ; 

. • . fo.0807 + J^ -' (H + n) = 0.0807 -» // ; 
\ ^ 300/ T, ^ ^ T, ' 

• n = —— 



0,96 -' - 1 



The weight discharged per second will be 



«7« = I" (0.OSO7 + ^) f'A a/ 



^ff 



= constant 



y^o.96 r.. _ 



13 + «-:^^ 
m 



This will be a maximum for 

* 0.48 12 • ' 

that is, the best chimney draft takes place when the absolute 
temperature of the gas in the chimney is to that of the ex- 
ternal air as 25 to 12. 
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This in the preceding equation gives 

In the solution for a maximum, I is considered constant, 
an assumption which affects the result by only a small 
amount. 

The height of a chimney is often determined by sur- 
rounding circumstances, and sometimes by imagined con- 
ditions of future use ; and in such cases are not subject to 
computation. 

In ordinary practice chimneys are from forty to one hun- 
dred and twenty feet. Above one hundred feet the effect 
of additional height is comparatively small. 

The tallest chimney of which we have knowledge is 441.6 
feet high, eleven feet and a half in diameter at the base, 
and ten feet at the top. It was built by the Mechemich 
Lead Mining Co. (Van Nostrand's E7ig. Mag,^ 1886, page 
264). For dimensions of large chimneys, see Van Xostrand's 
Eng. Mag.^ September, 1883, page 216 ; also Tram. Am. 
Soc. Civ. Engineers^ 1885 ; also No. 1, Science SerieSy by 
D. Van Nostrand. 



APPENDIX I. 



(Sxtract from an article by the author in the PhilosopMoal Magazine for 

November, 1885.*) 

THE LUMINIFBROUS ETHER. 

Two properties of the luminiferous elher appeaf to be known and 
measurable with a high degree of accuracy. One is its ability to transmit 
light at the rate of 186300 miles per second, f and the other its ability to 
transmit from the sun to the earth a definite amount of heat energ3\ 

In regard to the latter^ Herschel found» from a series of experiments, 
that the direct heat of the 6un> received on a body at the earth capable of 
absorbing and retaining it, is competent to melt an inch in thickness of 
ice every two hours and thirteen minutes. This is equivalent to nearly 
71 foot-pounds of energy per second. 

In 1838 M. Pouillet found that the heat energy transmitted from the 
sun to the earth would, if none were absorbed by our atmosphere, raise 
1.76 grammes of water P C. in one minute on each square centimeter of 
the earth normally exposed to the rays of the sun.t 

This is equivalent to 83.5 foot-pounds of energy per second, and is the 
value used by Sir William Thomson in determining the probable density 
of the ether. § Later determinations of the value of the solar constant by 
MM. Sorret, Crova, and Violle have made it as high as 2.2 to 2.5 calories. 
But the most recent, as well as the most reliable, determination is by Pro- 
fessor S. P. Langley, who brought to his service the most refined ap- 
paratus yet used for this purx)ose, and secured his data under favorable 
conditions ; from which the value is found to be 2.8 ± calories | with 
some uncertainty still remaining in regard to the first figure of the deci- 

* Pablished in Van Nostrand's Engineering Magaxine^ January, 1886. Alao Science 
Series, No. 8K. 

t Profeeeor Mlcheleon found the velocity of ligbt to be 280740 kilometers per sec- 
ond in air, and 880888 kilometeiB in a vacnum, giving an index of refraction of 
1 000S65. (Journal qf Arte and Science, 1870, Vol. XVIiL. p. 890.) 

X Oomptes Rendue, 1888, Tom. VII., pp. 24-36. 

I Trans. Roy. Soe. qf Edinbttrgh, Vol. XXI., Part I. 

I Am. Joum, of Arts and Science, March, 1888, p. 196. Also Oomptes Rendus. 
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mal. We will consider it as exactly 2.d In this analysis, according to 
wliich, there being 7000 grains in a pound and 15.482 grains in a gramme, 
we have for the equivalent energy 

2^8X15.482 ^ 9 ^ 772X144 .^o^ , a 
7000— ^ 5 ^ 0.1.5O X 60 = 133 foot-pounds 

per second for each square foot of surface normally exposed to the sun*s 
rays, which value we will use. Beyond these facts, no progress can be 
made without an assumption. Computations have been made of the 
density, and also of the elasticity, of the ether founded on the most arbi- 
trary, and in some cases the most extravagant, hypotheses. Thus, Her- 
schel estimated the stress (elasticity) to exceed 

17 X 10* = (17,000,000,000) pounds per square inch ; * 

and this high authority has doubtless caused it to be widely accepted as 
approximately correct. But his analj'^is was founded upon the assump- 
tion that the density of the ether was the same as that of air at sea-level, 
which is not only arbitrary, but so contrary to what we sliould expect 
from its non-resisting qualities as to leave his conclusion of no value. 
That author also erred in assuming that the tensions of gases were as the 
wave-velocities in each, instead of the mean square of the velocity of the 
molecules of a self -agitated gas ; but this is unimportant, as it happens to 
be a matter of quality rather than of quantity. Herschel adds, ** Consid- 
ered according to any hypothesis, it is impossible to escape the conclusion 
that the ether is under gteat stress." We hope to show that this con- 
clusion is not warranted ; that a great stress necessitates a great density ; 
but that both may be exceedingly small. A great density of the ether 
not only presents great physical difficulties, but, as we hope to show, is 
inconsistent with the uniform elasticity and density of the ether which 
it is believed to possess ; and every consideration would lead one to ac- 
cept the lowest density consistent with those qualities which would enable 
it to ix'rform functions producing known results. 

In a work on the Physics of Ether, by S. Tolver Preston, it is esti 
mated that the probable inferior limit of the tension of the ether is 500 
tons per square inch, a very small value compared with that of Herschel's. 
But the hypothesis upon which this ailthor founded his analysis was — 
The tension of the ether exceeds the force necessary to separate the 
atoms of oxygen and hydrogen in a molecule of water ; as if the atoms 
were forced together by the pressure of the ether, as two Magdeburg 
liemispheres are forced together by the external air when there is a 
vacuum between them. This assumption is also gratuitous, and is re- 
jected for want of a rational foundation. 

Young remarks : '* The luminiferouB ether pervading all space is not 

^ Familiar Lectures^ p. 282. 
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only highly clastic, hut aheolutely solid/' ♦ We are not certain in what 
sense this author considered it as solid : hut if it he in the sense that the 
particles retain their relative positions, and do not perform excursions as 
they do in liquids, it is a mere hypothesis, which may or may not have a 
real existence. If it be in the sense that the particles suffer less resistance 
to a transverse than to a longitudinal movement, there are some grounds 
for the statement, as shown in circularly-pOlarized light. Bars of solids 
are more easily twisted than elongated, and, generally, the shearing re- 
sistance is less than for a direct stress. It certainly c>imnot Ik; claimed 
that the compressibility of the ether (in case we could capture a quantity 
of it) is less than that of solids. 

Sir William Thomson made a more plausible hypothesis, by assuming 
that " the maximum displacement of the molecules of the ether in the 
transmission of heat energy was A of a wave length of light, the average; 
of which maybe taken as ^oi^jiy of an inch." Hence the displacement 
w^as assumed to be ^yuJjjoir of an inch ; by means of which he found the 
weight of a cubic foot to be | X 10~*° of a pound. f We also notice th^jit 
Hr. Belli estimated the density of the ether to be i X 10 — '* of a pound : :f 
but M. Herwitz, assuming this value to be too small and Thomson's as 
too large, arbitrarily assumed it as 10 — '^ of a pound per cubic foot ; but 
arbitrary values are of small account unless checked by actual results. 

We propose to treat the ether as if it conformed to the Kinetic Theory 
of Gases, and determine its several properties on the conditions that it 
shall transmit a wave with the velocity of 186300 miles per second, and 
also transmit 133 foot-pounds of energy per second per square foot. This 
is equivalent to considering it as gaseous in its nature, and at once com- 
pels us to consider it as molecular ; and, indeed, it is diflScult to conceive 
of a medium transmitting light and energy without being molecular. 
The Electromagnetic Theory of Light suggested by Maxwell, as well as 
the views of Newton, Thomson, Herschel, Preston, and others, are all in 
keeping with the molecular hypothesis. If tlie properties which we find 
by this analysis are not those of the ether, W'e shall at least have deter- 
mined the properties of a substance which might be substituted for the 
ether, and secure the two results already named. It may Ixj asked, Can 
the Kinetic theory, which is applicable to gases in which waves are propa- 
gated by a to-and-fro motion of the particles, be applicable to a medium 
in which the particles have a transverse movement, whether rectilinear,, 
circular, elliptical or irregular ? In favor of such an application, it may 
be stated that the general formulae of analysis by which wave motion in 
general, and refraction, reflection and polarization in particular, are dis- 
cussed, are fundamentally the same ; and in the establishment of the 
. — — : —, ■.^. • 

♦ Young's TTa/vt*, ^ol. 1., p. 415. t PhU. Mag., 1886 [4] IX., p. 39. • 

X Cf. ForUchHtU der PhyHk, 1850. 
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equations the only hypothesis in regard to the path of a particle is — ^It 
will move along the path of least resistance. The expression F* x e-^S 
is generally true for all elastic media, regardless of the path of the indi- 
vidual molecules. Indeed, granting the molecular constitution of the 
ether, is it not probable that the Kinetic theory applies more rigidly to it 
than to the most perfect of the known gases ? * 

The 133 foot-pounds of energy per second is the solar heat energy in a 
prism whose base is 1 square foot and altitude 186800 miles, the distance 
passed over by a ray in one second ; hence the energy in 1 cubic foot 
will be 

imJxtm = w4w '""t-i^^^ds. (1) 

Where results are given in tenth-units of high order, as in the last ex- 
preiasion, it seems an unnecessary refinement to retain more than two or 
three figures to the left hand of the tens ; and wc will write such expres- 
sions as if they were the exact results of the computations. 

If Vhe the velocity of a wave In an elastic medium whose coefl^cient 
of elasticity, or in other words, its tension, isc and density (J, both for the 
same unit, we have the well-known relation 

And for gases we have 

where y = 1.4 ; and the differential of the latter substituted in the 
former gives 



=\^i- 



(3) 



The tension of a gas varies directly as the kinetic energy of its mole- 
cules per unit of volume. If t?* be the mean square of the velocities of 
the molecules of a self -agitated gas, we have 

d X (5 «>*, or t)^ = ar 7 » &) 



where a; is a factor to be determined. Equations (2) and (3) give 

T' = - r\ (4) 

y 

Assuming, with Clausius, that the heat energy of a molecule due to the 
action of its constituent atoms, whether of rotation or otherwise, is a 
multiple of its energy of translation, we have for the energy in a unit of 
volume producing heat, 



* See also remarks by Q. J. Stoney, Phil. Mag.y 1868 [4] XXXVI., pp. 182, 138. 
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where ^ is a factor to be determiaed. If c be the specific heat of a gas, 
w its weight per cubic foot at tlie place where ^ = 83.2, J. Joule's me- 
chanical equivalent, r its absolute temperature ; then the essential energy 
of a cubic foot of the medium will hecwrj; and observing that w = gS^ 
we have 

ky6^z=cg6Tj^ (5) 

which, reduced by (4), gives 

2e g yr J .^ 

^y = — Y* — ' . 

the second member of which is constant for a given gas. To find its 
value we have 

Hydrogen. Air. Oxygen. 

Specific heat,* 3.4093 0.2875 0.2175 

Velocity of sound, feel per second, at ) 

7 = 493.2'' f 4163 1090 1040 

and ^ = 32.2, y = 1.4, t7"= 772. These, substituted in the second 
member of (6), give 

X y for hydrogen, 6.599 

air 6.706 

oxygen, 6.596 






8)19.901 

Mean, ..... 6.68 

This value, which is nearly constant for the more perfect gases, we pro- 
pose to call the modulus of tJie gas, and represent it by // ; and for the pur- 
poses of this paper we will use 

fi = 6.6. 

This relation of the product x y being a constant, has, so far as we are 
informed, been overlooked by physicists, and is worthy of sjwcial notice, 
since it determines the value of one of the factors when the other has 
been found. Kr^nig, Clausius,f and Maxwell give for x the constant 
number 8, but variable values for y.X 

We are confident that the value of x is not strictly constant ; or if it 
is, it exceeds 3, since the effect of the viscosity of a gas would necessitate 
a larger velocity to produce a given tension than if it were perfectly free 

• Stewart on Heat^ p. VSSi, 
t PhU Mag., 1867 [4] XIV., p. 188. 

X Theory qf Heaty pp. 814 and 817. Maxwell states that the value for y is probably 
equal to 1.684 for air and several of the perfect gaaei). This would make x = 4 nearly. 
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from internal friction. For our purpose, it will be unnecessary to find 
the separate values of x and y \ but if we have occasion to use the former 
in making general illustrations, we will call it 3, as others have done 
heretofore. If the correct value of x exceeds 3, it will follow that the 
velocity of the molecules exceeds the values heretofore computed.* Ac- 
cording to Thomson, Stokes showed that in the case of circularly polar- 
ized light the energy was half potential and half kinetic ;f in which case 
y = 2, and therefore a; = 3.8. 

The energy in a cubic foot of the ether at the earth being given by 
(1) and (5), we have, by the aid of (4), 

iy..^ = i/iF. = ^-^^,; (8). 

. d = i><JLlx^ ^ 2 ^gj 

3 X 10^ X 6.6 X (186300 X 5280)* 85 X 10»^ * 

which is the mass of a cubic foot of the ether at the earth, and which 
would weigh at the place where g = 32.2 about 

2 
^ = fHaS o^ * pound, (10) 

compared with which Thomson's value is less than 4000 times this value. 
Thomson remarked that the density could hardly be 100,000 times as 
small — a limit so generous as to include far within it the value given in 
(9). According to equation (10), a quantity of the ether whose volume 
equals that of the earth, would weigh about j'^ of a pound. If a particle 
describes the circumference of a circle in the same time that a ray passes 
over a wave-length a, the radius of the circle will be, using equation (4), 






2 

or the displacement from its normal position will be about j^ of a wave- 
length, or about ^xtitdij ^^ ^^ i^^^ ^^ ^^^ earth. 
Eliminating F between (2) and (8) gives 

e = ? = i- (11) 

8 /* X 10' 10« 

for the tension of the ether per square foot at the earth, and is equiva- 
lent to about 1.1 of a pound on a square mile. The tension of the atmos- 
phere at sea-level is more than 30,000,000,000 times this value. It some- 

♦ Maxwell jfives for the mean square of the velocltlea, or. In other words, the velocity 
whose square ih the mean of the squares of the actual velocities of the molecules, in feet 
)^>er second at 493 2** F. above absolute zero, hydrogen 6882, oxygen 1572. carbonic oxide 
1276, carbonic acid 1570. Phil. Mag.y 1873, p. 68. Our equation (4j gives for air 1388. 

t PhU. Maj., 1855 [4] IX., p 37. 
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what exceeds the tension of the most ixrfect vacuum yet produced by 
artificial means, so far as we are informed. Crook is jiroduced a vacuum 
of .02 millionth of an atmosphere* without reaching the limit of the 
capacity of the pumps ; and Professor Rood produceil one of iTcuiTrinTTi 
of an atmosphere f without passing the limit of action of his apparatus. 
The latter gives a pressure jxjr square foot of 

14.7 X 144 
390000000" 



= nrfoon of a jwund. This, in round numbers, is 140 times 



the value given in equation (11). Even at this great rarity of the atmos- 
phere, the quantity of matter in a cubic foot of the air would be some 
200 million million limes the quantity in a cubic foot of the ether — such 
is the exceeding levity of the ether. 

Admitting that the ether is subject to attraction according to the 
Newtonian law, and of compression according to the law of Mariotte, 
we propose to find the relation between tJie derutity of the ethei' nt the surf are 
of an attracting sphere and that at any other point in space, providing 
that the sphere be cold and the only attracting body, and the gas con- 
.sidered the only one involved. 

Let <5o, <?o, ^''0 be respectively the density, elasticity and weight of a 
unit of the medium, whether ether, air, or any other gas at the surface 
of the sphere ; J, e, t/J, the corresponding quantitit« at a distance z from 
the surface of the sphere ; r the radius of the sphere, /70 the acceleration 
due to gravity at its surface, and g that at distance r + 2 from the centre 
of the sphere. Then 

^ e w Itn 

and 



<7 = /7n 



r* 



(/■ + 2) 



*\« 



, ' . e = — ' — w = — 5 w. \}i) 

icq g Wo r 

But 

de=— wd2=— g^dz (18) 

d e f\ r^o r* 

• . — =: — • . (I 9 

e Co (/• + 2)^ 

Integrating between e and eo, z and o we have 

* On the ViscotUy qf Gases at High Exhaustion, by William Crookes, F.R.a., 
Phil. Trans. Roy. 80c., Part II. (1881), p. 400 : " Going np to an exhanntion of .08 mill- 
ionth of an atmoBphcrc, tho highcet point to vvhich I have cnrrifKl the measurcmentSt 
although by no means the higheet exbanotion of whiCh the pamp is capable.'' 

+ Joum. of Arts and Science^ 1881, Vol. XXII., p. 90. 
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(14) 

(15) 

Neglecting the attraction of the earth for the ether, and considering 
the 8un as the only attractuig body, we have go at the sun 28.6 X 32.2, 
and at the earth, e = 210 r, r = 441,(XX) miles, the sun's radius; 
<5 = A X 10-**, equation (9), mde =. ,*j X 10-< ; and these, ui (14) 
and (15), give 

28.6 X 82.8 X 2 X 83 XlO« ^ 210 ^ 



1000000 , f.f^ 

— €o c nearly, (lo) 

and 



- , 1000000 , „^.. 

<J = cJo e nearly, (16 ) 

for the tension and density of the ether at the surface of the sun under 
the conditions imposed. But the millionth root of e is practically unity ; 
hence the elasticity and density at the sun is practically the same as at 
the earth. 

Now, starting at the sun with this result, and finding the density at a 
distance z from it, then making z infinite, wc shall get about the 995,000 
root of e, the value of which Is also sensibly equal to unity ; hence the 
density at infinity would be sensibly the same as at the surface of the 
sun, the difference in the densities at the sun and at infinity being less 
than TO 01^ OAT) P^rt of that at the sun. In order to make tlie density vary 
sensibly with the distance, the attraction of the central body must be 
something like a million times as great as that of the sun, or h<ave a 
diameter a million times as large ; but there is no such known body, 
therefore the density and tension cf the ether may he considered vniform 
througJioiit spfice. Such has lx»cn our conception of it, and it is an agree- 
able surprise to find it so fully confirmed by analysis. 

If the density were uniform, the weight of a given volume of it would 
vary as the force of gravity. At the surface of the sun a cubic foot 
would weigh [equation (10) multiplied by 28.6, or] 57 X 10 -*\ hence, 
for a height h it would w^cigh 

-J. /** ^* _ AT. ^^ (17) 

10"/ {r + zf 10«* * r + a' 

13 
which for A = oo becomes -^^ of a pound, which is the pressure upon a 

square foot of the sun of a column of infinite height under the conditions 
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imposed. This would compress the first foot of the column about 
xtj oiooo of its length, and would cause a corresponding increase in the 
density, the value of which, after this compression, will be found by 
multiplying the value given in equation (9) by AWoVj, which will leave 
the result sensibly the same as before. Hence, from this standpoint, 
we again conclude that the density of the ether may be considered as 
sensibly uniform throughout space, providing its temperature be essen- 
tially uniform. 

If we assume that the law of the resistance by which the ether opposes 
the motion of a body varies as the square of the velocity of the body, we 
are still unable to ajssign the coefficient which will give the numerical 
value ; but it is safe to assume tliat the entire mass of the ether occupy- 
ing the path of a body moving through it, will <iot have a velocity im- 
parted to it exceeding that of the body ; but, to be on the safe side, we 
will assume that it imparts a velocity equal to itself. The energy thus 
imparted will be lost to the body. To simplify the case, consider a 
planet moving in a circular orbit : r the radius of the planet, d its dis- 
tance from the sun, D its specific gravity compared with water as unity, 
tx the velocity in its orbit ; then the mass of ether occupying the place 
of the planet during one revolution about the sun will be, using 
equation (9), 

which, multiplied by i d*, will give the energy imparted to it. The 
kinetic energy of a planet, neglecting its rotation, will be 

Dividing the former, after multiplying it by i Ui*, by the latter, gives 

— I ^ (18) 

7 X 10''-» rD ^ ^ 

for the fraction of .the energy lost during one revolution about the sun. 
Applying tliis to the earth, we have 

d'^rD= 98000000 -f 3913 X 5^ = 43000, 

and (18) becomes 

a 

nearly, (19) 



10^* 

for the fraction of the energy lost in one year ; and hence at this rate 
would require more than 1,666,000 trillion (1,666,000,000,000,000,000,000) 
years to bring it to rest. 

Equation (18) is not applicable to the resistance offered to a comet, on 
account of the elongated orbit of the latter ; but some idea of the effect 
of the resistance of the ether to the movement of a comet may be found 
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by considering what it would be if the orbit were circular, having for its 
radius the perihelion distance. According to Professor Morrison, the 
perihelion distance of the great comet (6), 1882,* was 716200 miles, its 
aphelion distance will be 5,000.000,000 miles, the diameter of its nucleus 
shortly before disappearing on the solar disk was 7600 miles, the velocity 
at perihelion 295 miles per second, and at aphelion 75 feet per second. 
But little is known in regard to the density of comets ; but, to be on the 
safe side, we will assume it as y^Vc that of water. This data will reduce 
(18) to 13 X 10 — '* for the fraction of energy lost during one of its revolu- 
tions about the sun ; and as it would make a revolution in, say, 20 hours, 
it would lose in one of our years about 57 X 10 "" '• of its energy, at ichieh 
rate it would go on for 170 trillions of years. Similarly, at its aphelion 
its rate of loss would l^ less than \ X 10~ ** of its energy in more than 
2000 years — the time of one revolution in its orbit. 

The most careful observations and calculations have failed to detect 
any effect due to the resistance of matter in space ; and the above analysis 
shows that, within historic times, it has in any case scarcely amounted to 
an infinitesimal, certainly not sufficient to be measured. And when we 
consider that our assumptions have been very largely on the unfavorable 
side, and, further, that the energy imparted to the ether may partly, at 
least, be restored to the body, we assume that its resistance never can be 
measured. Laplace, when he found that the force of gravitation, if 
propagated by an elastic medium, must have a velocity exceeding 100 
million times that of light, concluded that astronomers might continue 
to consider its action as instantaneous {Af^mique Celeste, B. X., ch. 8, 
p. 22, 9085) ; so may we, with nearly as much confidence, continue to 
consider the resistance of the ether as nil. 

Equation (6) gives 

_ 6,6 (1863 00 X 5280 )^ _ ^^ 

2 X 32.2 X 1.4 X 772 - ^'^ ^ ^" . 

from which the specific heat of the ether may be found if its temi>eraturc 
were known. M. Fourier, the first to assign a value to tfte temjMirature 
ofsjHice, assumed it to be somewhat inferior to the temperature at the 
poles of the earth or about 50° C. to 60*' C. below zero.f M. Pouillet, 
considering the atmosphere as a diathermanous medium, capable of 
absorbing in different degrees the radiant heat from the sun and the dark 
heat from the earth, deduced for the heat of space — or, as he and Fouritr 
called it, the stellar heat— approximately,— 142" C.J (— 287" F.). which 



♦ Monthly Xotices of tlie Uoyal A/ttronomlccU Society, Vol. XLIV., S, p. 04. 

t Ann. der Chemiey Tome XVII , p. 155. 

X Comptes Rendus^ 1888, Vol. vn., p. 61. Poulllet'u formala Is 

(/ = 1.285 5^* -0.489, 
% — b 



THE LUMINIFEROUS ETHER. 379 

is about 174® F. abovp absolute zero. It is well known that Pouillet's 
data were imperfect, several importaut elements being neglected, notably 
that of the humidity of the air ; still, it is not only the Urst, but, so far 
as we know, the only attempt to formulate this relation. It served to 
show what has since been indicated by more direct experiments, that the 
temperature of space is very low. The delicate experiments of Professor 
Langley, before referred to, show a great difference in the degree of 
absorption by our atmosphere of different wave-lengths. The mean of 
the values for nine different wave-lengths, treated by M. Pouillet's 
formula, gives 189"* F. above absolute zero, and the smallest value of 
absorption, which was for the infra-red, gives only IV F. above absolute 
zero for the heat of space. 

The heat of space may be consideretl as composed of three parts : 
(1) stellar heat. (2) the heat contained in tlic dark matter of s^Mce, (3) the 
essential heat of the ether. 

1. By the stellar heat we mean the heat received directly from the 
stars. It is a matter of easy calculation that, if the 50,000,000 of stars 
supposed to be visible with the most powerful telescopes were all at the 
distance of the nearest fixed star {a Centauri), or 221,000 astronomical 
units from the earth, and if each radiated the same amount of heat as 
our sun, the intensity varying as the inverse squares of the distances, the 
earth w^ould receive from them all less than ^^(^7 ^ mucli heat as it now 
receives from the sun. And when we consider that only a very few stars 
are within measurable distances, and that the remote ones may be, when 
compared with these, well-nigh infinitely distant, it is evident that the 
amount of heat received from the stars is insignificant, and may bo 
discarded at the earth. 

2. It is certain that there is a large amount of dark matter in space, 
since the meteoric dust and meteorites must come from beyond our 
atmosphere. The zodiacal light is supposed to be an evidence of meteoric 
matter between the earth and sun. The tails of comets are visible by 
some action of light upon some kind of matter. Matter in space not 
exposed to the rays of the sun will be at about the same temperature as 
the ether * but if in the rays of the sun and dcHtitute of an atmosphere 
at the distance of the earth from the sun, its temperature would be very 
low. If present laws can be extended so far, and the earth were without 
an atmosphere, and the heat received were not conducted away, it has 
been computed that the mean temperature at the equator would be about 



in which b' = tho nbKorptive power by the atmosphere of the sun^s heat, 

b = the cbsorptivc power of terrestrial heat, 

f = the t(miperature of the etellar heat, 

a = 1.0077. 
If 6 = 1, Ite maximum, b' = 0.2, we find r = - 28&* C. (- 891* F.), or 71» F. above 
absolute zero. 



380 APPENDIX I. 

— 70° C. (-94'' F.) ; and at the poles - 221' C. ♦ or 114'' F. above abso- 
lute zero. The last result is obtained on the supposition that the poles 
receive heat directly from the sun a part of the year ; it is further shown 
that if the poles were never exposed to the rays of the sun, the tempera- 
ture would fall to that of the ether of space. But the data are not uni- 
form, and there is too large an extension of empirical formula to satisfy 
one that the above numerical results are reliable : still they point more 
and more strongly to a temperature not many degrees above absolute 
zero. 

8. By the essential heat of the ether we mean the temperature which 
would be indicated by a thermometer graduated from absolute zero in a 
room located in space beyond our atmosphere, whose walls were imper- 
vious to the passage of external heat. It is the heat due to the self- 
agitated ether, just as air has a temperature when not exposed to the 
rays of the sun. If the ether be perfectly diathermanous to the sun's 
rays, it will receive no heat, on account of the heat of the sun flowing 
through it, though it may be heated from other sources. As dhect 
evidence of an extremely low temperature of space, we cite the facts in 
regard to the meteorite which fell at Dharmsalla, India, July 14th, ISdO.f 
" The most remarkable thing about it was, while the mass had been in- 
flamed and melted at the surface, the fragments gathered immediately 
after the fall and held for an instant were 9o cold that ths fingers tttre 
chilled. This extraordinary assertion, which is contained in the report 
with no expression of doubt, indicates that the mass of the meteorite re- 
tained in its interior the intense cold of the interplanetary space, while 
the surface was ignited in passing through the terrestrial atmosphere.'* 
Since this body had been exposed to the rays of the sun, its temperature 
must have exceeded that of the space through which it passed, as well 
as been warmed by the heat developed at its surface, from w^hich it may 
be inferred that it had been intently cold. Direct investigations, given 
above, indicate that this temperature is less than 200** F. above absolute 
zero ; and we cannot assert that it is not less than 100" F. above, or even 
much less. 

But, however low be the temperature of the etlier, it cannot be abso- 
lutely cold, or, in other words, it must have a temperature above abso- 
lute zero, for otherwise it would be destitute of elasticity, and hence 
incapable of transmitting a wave. This is shown by eliminating V be- 
tween equations (2) and (6), giving 



CT =. 



^ e, (21) 



2 g6J 



♦ Prqfestional Papers of the Signal Service U. 8. A., Waehington, D. C, 1884, No. 
XII., p. 54. 
t Compfes Bendus, 1861, Tome LUX., p. 1018. 
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in which iir = 0, e will be zero, all the other factors being nnite, and if 

e = 0, then F = in (2). Indeed, this principle is so well recognized in 

physics, that a proof in this place seems superfluous. Being unable, in 

the present state of our knowledge, to do more than assign the probable 

superior limit of the temperature, we will, for the purposes of this 

analysis, assume r = 20" F., absolute, being confident . that the actual 

value is between ^ of and 10 times this value. This value in equation 

(20) gives 

c = 46 X 10" = 4,600,000,000,000 (22) 

for the specific heat of the ether, that of water being unity. This num- 
ber so vastly — we might say infinitely — exceeds that for any known gas, 
as to justify one, at first thought, in looking with suspicion upon the 
applicability of the above analysis to this medium. Assumptions in re- 
gard to the absolute temperature will scarcely improve the appearance of 
this number. If it be assumed that the absolute temperature be only 
one degree, the number in equation (22) would be only twenty times as 
large; and if the absolute temperature be assumed at 1000000"* F. , the result- 
ing specific heat would still be more than a million times as large as for 
hydrogen. A few considerations of other properties of the ether may aid 
one in being reconciled to this seemingly paradoxical result. Is the result 
any more incredible than the fact, generally admitted, that every particle 
of the ether, in transmitting a wave of light, continually makes 590000- 
000000000 (6 X 10** nearly) complete cycles of movements every second, 
for a wave-length of y^Tj^nr ^^ *" 'i^ch ? The number of such complete 
movements in air for the fundamental c is only 264 ; and hence the ratio 
of the f omier to the latter of these numbers is nearly 2 X 10'*. The ratio 
of the specific heat given in (22) to that of hydrogen is nearly H X 10'*, 
which is not so different from that just given for the ratio of cyclical 
movements in a second of the ether and air. The velocity of sound in 
air at 493*" F. above absolute zero is about 1090 feet per second ; but if 
the temperature could be reduced to 20° F., absolute, the law being ex- 
tended so far, the velocity would be only 



F = 1090 1/^ = 217 feet ; 

but the velocity of light is 982,000,000 feet per second, a number about 4^ 
million times the former, and near a million times that of the velocity 
in air under ordinary conditions. The ratio of the mass of air in a cubic 
foot at sea-level to that of a cubic foot of the ether as computed, far 
exceeds any of these ratios. The fact is, the known qualities of the 
ether in transmitting light and heat so far transcend those of any known 
terrestrial substance, that we might anticipate the fact that, in regard to 
magnitude, all its properties will be extremely exceptional when com- 
pared with such substances. We must accept substantially the number 
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• 
in equation (22), or subject this medium to different laws than thoee of 
gases. 

We may deduce this result by another process ; thus, since the specific 
heats of different gases are as the squares of the wave- velocities in the 
respective substances, the other elements being the same, if the specific 
heat of air be 0.23, we should have for the specific heat of the ether 

_ 0.23 (i?^?^-^^)^ 46X10... 

as before. The correct value of the specific heat of air, 0.2375, would 
give over 47 X 10", and nearly 48 X 10'* ; but these differences are quite 
immaterial in this connection, the object being to check the former result. 
On the other hand, in order that common air might be able to transmit 
a wave with the known velocity of light, its specific heatl^ing taken con- 
stantly at 0.23, its temperature would be, according to equation (20), 

r = - f; ' = 4 X 10'* degrees F. (= 400,000,000,000,000" F.). 

If the sun were composed of a substance having such specific heat, it 
could radiate heat at its present rate for more than a hundred millions of 
centuries without its temperature being reduced 1* F., exclusive of any 
supply from external sources, or from a contraction of its volume. We 
know only such substances in the sun as we are able to experiment with 
in the laboratory; and if there be an exceptional substance in it, we have 
no means at present of determining its physical proixjrties. It is, more- 
over, a question whether the ether constitutes an essential part of bodies. 
We conceive of it only as the great agent for transmitting light and heat 
tliroughout the universe. 

On account of the enormous value of the specific heat, it will require 
an inconceivably large amount of heat (mechanically measured) to in- 
crease the temperature of one pound of it perceptibly. Thus, if heat 
from the sun, by passing through a pound of water at the earth, would 
raise the temperature 100^ F. and maintain it at, say, 600® F., absolute, 
it would, under similar conditions, raise the temperature of one pound of 
the ether, if its power of absorption be the same as that of water, 

TU^jcD JTJTnyTnr of a degree. 

The distance of the earth from the sun being 210 times the radius of 
the latter, the amount of heat passing a square foot of spherical surface 
at the sun will be about 45000 times the heat received on a square foot at 
tlie earth normally exposed to its rays, so that, under the conditions 
imposed, the temperature would not be a billionth of a degree F. higher 
at the sun than at the earth. This, then, is a condition favorable to a 
sensibly uniform temperature, even if heated by the sun's rays. We are 
now inclined to admit that the ether is not perfectly diathermanous to 
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the sun's rays, but that its temperature, however small, may be due 
directly to the absorption of the heat of central suns ; for we begin to 
realize the fact that the ether may possess many of tlie qualities of gases, 
such as a molecular constitution, and hence also mass, elasticity, specific 
heat, compressibility, and expansibility, although the magnitude of these 
properties is anomalous. We have already considered its compressibility 
at the surface of the sun, due to the weight of an infinite column, and 
found it to be exceedingly small ; now, it may be possible that the expan- 
sion due to the excess of temperature of a small fraction of one degree at 
the surface of the sun over that at remote distances will diminish the 
density as much, or about as much, as pressure increased it, thereby 
making the density even more exactly uniform than it otherwise would 
be. According to what w^e know of refraction, it is impossible for a ray 
of light to be refracted in passing through the ether only — at least, not 
by a measurable amount ; for not only are the density and elasticity 
practically uniform, but their ratio is, if possible, even more constant a» 
shown by equations (16) and (16'). But the freedom of the ether mole- 
cules may be constrained, or their velocity impeded, by their entangle- 
ment with gross matter, such as the gases and transparent solids ; in 
which case refraction may be produced in a ray passing obliquely tlu-ough 
strata of varying densities.* Neither is it believed that the ether does, 
or can, reflect light ; for if it did, the entire sky would be more nearly 
luminous. The rays in free space move in right lines. 

The masses of the molecules in different gases being inversely as their 
specific heats, and as the specific heat of hydrogen is 3.4, and the com- 
puted mass of one of its molecules J J X 10~" f of a pound, we have for 

* Profeseor Michaelson conclades from his experimentB that the luminiferouR ether 
has no perceptible motion in reference to the earth, in other words, it Lb at the surface 
of the earth carried along with the earth the eame as the atmosphere. (Paper read at 
the meeting of the American Aasoctation for the Advancement of Science, 1887.) 

t Stoney concludes that '' It is therefore probable that there are not fewer than some- 
thing like a unit eighteen (10^^; of molecules in a cubic millimeter of a ga» at ordinary 
temperature and pressure'' (PfiU. Mag., 1868 [4] XXXVI., p. 141). According to the 
Kinetic theory, the numher of molecules in a given volume under the same pressure and 
temperature is the same for all gases. The weight of a cubic foot of hydrogen at the 
temperature of melting ice and under constant pressure being 0.005592 of a pound, and 
as a cubic foot equals 28,315,000 cubic millimeters, the probable mass of a molecule of 
hydrogen will be 

0.005592 11 ,, 



82.2 X 28815UU0 X 1U«* 18 X 10^' 
46 . 8 



Maxwell gives — ^^ of a gramme = lb., which is about 8/5 the value given above 

(PMl. Mag., 1878 [4], XLVI., p. 468). 

The difference in these results arises chiefly from the calculated number of molecules 
in a cubic foot of gas under ordinary conditions. Thomson gives ae the approximate 
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the computed mass of a molecule of the lumlniferous ether, 

m = — IL^ X ^'^ = —^ lb (23) 

18 X W* 46 X 10" 22 X 10*" 

The mass of a cubic foot of the ether, equation (i»;, divided by the mass 
of a molecule, gives the number of molecules in a cubic foot, which 
will be 

n = —A— X ^^^^^ = tf X 10" (24) 

35 X 10"* ^ 1 t J A lu , V / 

which call 10'*. This number, though large, is greatly exceeded by the 
estimated number of molecules in a cubic foot of air under standard con- 
ditions, which, according to Thomson, docs not exceed 17 X 10**, a 
number nearly 17,000,000,000 times as large as that in equation (24) ; and 
yet, at moderate heights, the number of molecules in a given volume of 
air will be less than that of the ether. 

Assuming that air is compressed according to Boyle's law, and is sub- 
jected to the attraction of the earth, equation (15) will give the law of 
the decrease of the density. Taking the density of air at sea-level at ^^ 
of a pound per cubic foot, e^ = 14.7 lbs. per square inch, r ^ 20687000 
feet, equation (15) becomes 

<' = TiTXlO-»*»rh. (25) 

If2 — aD,<5 = ^XlO-»*», which would be the limit of the density, 
and it is a novel coincidence that this limit is nearly identical with the 
value found for the density at the height of one radius of the earth ac- 
cording to the ordinary exponential law, wherein gravity is considered 
uniform.* 

If the number of the molecules in a cubic foot follows the same law, 
then at the height z there will be 

17XlO-***rT^ + ^ (26i) 

probable number 17 X 10**, which is about 8/5 the value given by Stoney. Thomeon^a 

value would make the maas of a molecule of ether about t^ X 10~** of a pound, which 

18 

Is not much different from that found above. 
* The ordinary exponential law results from dropping - compared with unity in eqna- 

T 

tJon (16), giving 

z gft. gmlleg 

d = (Jo e-268«l = <5o 10 ""flOBS? = ^ X 10 "•** . 
In the last of which, if s = 8966, the exponent becomes 846. 
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molecules per cubic foot. Similarly, the value of the length of the mean 
free path would be * 

2X10®*^ rri ~ " ^'^^^' (27) 

By means of these values, the following table may be formed. 



Height. 












Denifiity or ten- 
bioii, that at 

the earth 
being unity. 


Number of 

moJecules In a 

cubic foot. 


Length of the 

mean 

free path. 


Fractional 

partes of 

earth '0 radias. 


1 

Approximate 
iu mileti. 








1 


25 

17 XlO 


2 X 10 - ^ inch. 


A- 


50 


10 - 4.3 


17 X 10^*' 


2 X 10-^" " 


^ 


100 


10 - 8.4 


17 X 10 


2 X lO*"* 


If^o 


200 


10-16.** 


^ _ -. ^,.8.8 
17 XlO 


792000 miles. 


^ 


282 


10-23 


17X10 


31 X lO" 


A 


395 


10-81 


17X10"* 


31 X 10^^ 


i 


800 


10-57 


17X10-*^ 


31 X 10*^ 


1 


8956 


10 - JTa 


17 X 10-^*7 


31 X 10^** " 


2 


7912 


10-280 


17XlO-«» 


31 X 1^® •• 


QO 


00 


10-345 


17 X 10 ^ 


31 X 10^ " 



The numbers in the third column multiplied by f^ will give the 
density (or mass per cubic foot) at the respective altitudes ; and the same 
numbers multiplied by 15 (or, more accurately, 14.7) will give the tension 
per square inch. According to this law, at an elevation of 300 miles the 
density of the atmosphere will be somewhat less than the density of the 
etlier as given by equation (9). 

To find the height at which the tension of the atmosphere, according 
to the above law, will be the same as that of the ether, we have, by means 
of equations (11) and (25), subBtituting in the latter 2116 for ^^, 



2116 X 10 



— 846 



which solved gives 



r + »---■ j^' 



;• 



2 = 3y;^ = 126.6 lullo. 



♦ P.'iU. May., 187a [4], XlA'l., p. 468. 
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so that at the height of 127 miles the tension would be less than that of 
tlie ether, the temperature being uniform. 

The mean free path, according to the above law, in which gravity 
varies as the inverse squares is less, and for great heights much less, than 
would be found according to the ordinary exponential law. Thus 
Crookes states tliat the mean free path of a molecule at the height of 200 
miles is about 10000000 miles ; * but according to the above law it 
becomes about 792000 miles. 

If a cubic inch of air at sea-level were carried to the height of \ the 
radius of the earth, and then allowed to expand freely, so as to become 
of the computed density of the atmosphere at that point, it would fill a 
space of 4 X 10'^" cubic miles, or a sphere whose radius is 2,398,000,000 
miles, which is nearly equal to the distance of the planet Neptune from 
the sun ; and there would be less than one molecule to the mile. Such 
are some of the results of extending a law to extreme cases regardless of 
physical limitations or of the imperfection of tlie data on which it is 
founded. For instance, a uniform temperature is assumed, and, im- 
pliedly, an unlimited divisibility of the molecules. The latter is neces- 
sary in order to maintain a law of continuity. But modern investiga- 
tions show that not only air, but all the gases^ are composed of molecules 
of definite magnitudes whose dimensions can be approximately deter- 
mined ; and hence if there be only a few molecules in a cubic foot, and 
much less if there be but one molecule in a cubic mile, it cannot be 
claimed that the gas will be governed by the same laws as at the surface 
of the earth. 

We conclude, then, that a medium whose density is such that a volume 
of it equal to about twenty volumes of the earth would weigh one pound, 
and whose tension is such that the pressure on a square mile would Ix; 
about one pound, and whose specific heat is such that it would require 
as much heat to raise the temperature of one pound of it 1' F. as it 
would to raise about 2,300,000,000 tons of water the same amount, will 
satisfy the requirements of nature in being able to transmit a wave of 
light or heat 186300 miles per second, and transmit 133 foot-pounds of 
heat-energ}' from the sun to the earth, each second per square foot of 
surface normally exx)osed, and also be everywhere practically non-resist- 
ing and sensibly uniform in temperature, density and elasticity. This 
mediimi we call the Luminiferoua Ether, 

ADDENDA. 

Granting that the temperature of the ether, however low, is produced 
by the heat from central suns passing through it, w^c may determine the 
effect upon it of a change of temperature of the source of heat. 

* Phil, Trans. Roy. 8oe., London, 1881, Part II., p. 889. 
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The law for perfect gases is— continuing our notation— 

ev = BT (36) 

where i2 is ^o Vo -j- ro, these values being initial. Since v will necessarily 
1)6 constant we see that e will vary as r, where r is the temperature of 
the ether, and equation (21) becomes 

A = - — -jr • - = constant, 
2gJc T 

IIS it should, since the mean density cannot change, the volume being 
constant. This equation reveals no new truth, but is consistent with the 
conditions which we anticipate in nature. The only way in which the 
density can change by a diminution of elasticity of the ether, is to cause 
it to be more dense near the attractive bodies, and more rare in space 
more remote from them ; or, in other words, the ether would not be so 
nearly uniform as at present. 

Assuming the density as uniform while the elasticity changes, it 
appt'ars from equation (2) that the velocity of light through it will varj' 
as the square root of the elasticity. Thus, if the heat of our sun dimin- 
ishes so as to become one fourth as intense as at present, and if the 
elasticity of the ether also becomes one fourth as much as at present, 
then will the velocity of light be one half as great as at present. 



We may find the conditions which would cause a gas of the pressure 
of our atmasphere at sea-level and of the same specific heat, to be as 
nearly uniform throughout space as is the ether. This will be found 
with sufl[icient accuracy for our purpose by finding such a value for 6 as 

will make the numerator in equation (15), - , the same as given in 

IvUUvUU 

(16), where to = 2116 the tension of the air per square foot. We will 
find 

Th2 volumes being inversely as the densities, the last result combined 
with equation (36) shows that the required rarity (or density) may be 
secured by a temperature 10** times that of the present temperature. If 
the absolute temperature be 500** when the pressure of the air per square 
foot is 2000 pounds, then if it be heated to something like 

500,000,000,000,000** F., 

the tension would be nearly uniform throughout space. A volume of 
such air of the size of the earth would weigh less than ^oi & pound at 
a place where g = 92.2. 
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SECOND LAW OP THERMODYNAMICS. 

The second law of tlicrmodynamics has, by different writers, been 
stated in a variety of ways, and, apparently, with ideas so diverse as not 
to cover a common principle. For the convenience of the student in 
considering this subject, we here quote some of the expressions which 
have been given by certain authors. 

Maxwell, in his Theory cf Heat, p. 168, says, " Admitting heat to 
be a form of energy, the second law asserts that it is impossible, by the 
unaided action of natural processes, to transform any part of the heat of 
a body into mechanical work, except by allowing heat to pass from that 
body into another at a lower temperature. Clausius, who first stated the 
principle of Camot in a manner consistent with the true theory of heat, 
expresses this law as follows : 

*' * It is imposgihle for a 9elf -acting machine, unaided by any external 
agency, to convert heat from one body to another at a higher temperature.* 

" Thomson gives it a slightly different form : 

*" Itis impoenbte, by means of inanimate material agency, to derive me- 
eJianicaZ effect from any portion of matter by cooling it below the tempera^ 
tare of the coldest of surrounding objects.* " The last quotation may be 
found in PhU. Mag., 1S53, IV. ; Thomson's Mathematical and Physical 
Papers, p. 179 ; and Clausius's statement on p. 181. 

Clausius considers this principle as " a new fundamental principle," 
and slates it thus : " Heat cannot pass from a colder to a hotter body 
without compensation." (Mechanical Theory of Heat, Broome's transla- 
tion, p. 78.) 

It appears, so far as we can judge, that Maxwell has. gratuitously, 
claimed for these writers the above statement for the second law ; for 
not only they, but Rankine included, consider those statements as ax- 
ioms. In regard to Rankine's views, see Miscellaneous Sdentijle Papers, 
p. 449 ; Steam-Engine, p. 224. 

There would be a certain propriety in calling this the second law, and if 
necessary establish a third, for it is the first principle in the order of de- 
velopment involved in the physical operation of realizing Camot's cycle, 
in which the expansion being isothermal requires a supply of heat from 
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a source, and experience shows that the temperature of the source must 
at least equal that of the working substance, and in reality be infinitesi- 
mally higher, since heat from a colder body will not make a hot body 
hotter. But the question is not what might have been the second law, 
but — wliat is it ? We quote from Rankine : 

** The internal work is incapable of direct measurement. Here it is 
that the second law becomes useful ; for it informs us how to deduce the 
whole amount of work done— internal and external — from the knowl- 
edge which we have of the external work. That law is capable of being 
stated in a variety of forms, expressed in different ways, although virtu* 
. ally equivalent to each other. The most convenient form for the present 
purpose appears to be the following : 

To find the whole work, internal and external, multiply the absolute tem- 
perature at whicJi Vie change of dimendone takes place by the rate per de- 
gree at which Vie external work is varied by a small variation of tempera- 
ture.'* (Rankine's Miscellaneous Scientifle Papers, p. 434 ; The Engineer, 
June 28, 1867.) 

This is substantially the statement of the second law in first ed., p. 
83, since the italicized extract just given is an expression for the heat 
absorbed during an isothermal expansion. The form in the text was not 
given because it was considered the ideally best statement of this law, 
but because it had proved to be the most useful form for class-room in- 
struction which the author had tried, and had the above sanction of Ran- 
kine. 

Rankine gives substantially the same statement in different places. 
{Papers, pp. 809, 418, 427 ; Steam-Engine, p. 808, Art. 244 ; p. 809, Art, 
245.) 

That Rankine recognized Carnot's principle of the elementary reversi- 
ble engine as the second law is shown from the following extract : 

** The law of ejffleieney of a perfect heat engine may be stated thus : ff the 
sfibstance {far example, air or water) which does Vie work in a perfect heat 
engine receives all the heat expended at one fixed temperature, and gives out 
all Vie Iveat which remains unconverted into work at a Imcer fixed temperti- 
tare, Vi£ fraction of Vie whole heat expended which is converted into exter- 
nal tpork is expressed by dividing the difference between those temperature* 
by the higher of them, reckoned from the absolute zero. Now, this is, in 
fact, the second law of thermodynamics expressed in other words. ' ' ( J/i'^vWrt - 
neouji Sc. Papers, p. 436 ; T/ie Engineer, June, 1867.) Such being Ran- 
kine's explicit statement, we may expect to find this principle implied, 
if not expressed, in all his other statements. 

One of the most condensed and obscure statements of this law by this 
author is in his work on the Steam-Engine, p. 806, which is. 
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*' ]yth6 total actual heal of a homogeneous and uniformly hot exibetanee 
be conceived to be divided into any number of equal parts, the effects of those 
parts in causing work to be performed are equal, " 

The obscurity exists chiefly in the fact that seyeral principles involved 
in the practical application of the law are not stated in the immediate 
context, but are left for the reader to infer. It would be difficult, if not 
impossible, to apply it, had not the author given a symbolic representa* 
tion of it. He says : " Let unity of weight of a homogeneous substance, 
possessing the actual heat Q, undergo any indefinitely small change, so 
OS to perform the indefinitely small work d U. It is required to find how 
much of this work is performed by the disappearance of heat. Conceive- 
Q to be divided into an indefini^ number of indefinitely small parts, 
each of 'which \& 6 Q. (In his original paper he used <l Q.) Each of 
these parts will cause to be performed the quantity of work represented 
by 

consequently, the work performed by the disappearance of heat will be 

d (d m r 

d q 

The reduction from the former expression to the latter is equivalent to 
an integration considering the fractional part as constant during the in- 
tegration. This is vital, and it is accomplished, physically, by connecting 
the working substance with a source possessing constantly the actual heat 
Q. Possibly this is implied in the expression " uniformly hot substance " in 
the law stated above ; but if not, the law seems to be defective in this par- 
ticular, unless we resort to the only other alternative of considering the 
** homogeneous substance " as a perfect gas. Heat is absorbed in doing 
work, and it is this heat, as* heat, independent of any particular sub- 
stance, that is to be divided into equal parts ; and, having tliis concep- 
tion, it is apparent that each part of the heat will do the same amount of 
work. It is difllcult to determine the exact meaning of the expression — 
" It is required to find how much of this work is done by the disappear- 
ance of heat ;" for, with isothermal expansion, not only all tlie external 
work is done by the disappearance of heat, but the internal work also, 
according to which the words " of this" should be expunged. Another 
view, and probably the correct one, is, — it is required to find how much 
of this work is done by the disappearance of an equal amount of heat. 
If this be the intended meaning, tlien by referring to Fig. 13, p. 83, it 
will be seen that tlie area represented by the upper strip A Bed is com- 
mon both to that part of the external work Vi ABvt, and to the area 
^1 A B ^s, representing the actual heat absorbed ; and, hence, in per- 
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forming this element of external work, an equal amount of heat will dis- 
appear. A Bed ^ d U= fd p dv; and d{d U)^dpdv — Abgd, 

But (f p is a direct function of r, being limited by the consecutive iso- 
thermals .1 B and d e ; and this fact is, by the calculus, indicated in the 
following manner, 



and we have 





or, 



Adgd = dr U-^ dv. 



= dQ 



d(d U) 



Then the second law above declares that if the increment of heat d Q 
causes the work A b g d to be performed by the disappearance of an 

equal amount of heat, then will the total heat absorbed, ^i ^ 6 n, be ^^ 

» Q 
times as much, giving 

d{dU) _ 
^ d(i 

The "actual heat is divided into equal parts " by the successive iso- 
thermals of the substance. 

The explanation by Rankine of this operation is more satisfactory in 
his original paper than in his Steam-Engine. (Misc. 8c. Papers, p. 812.) 

His general law of the transformation of energy —** The effect of t/ts 
presence in a stibstance of a quantity of actual energy, in causing trans- 
forn^tion of energy, is (tie sum of the effects of all its parts '* {Steam En- 
gifie, p. 809)— implies that the office of the working substance is simply 
to transfer actual energy from a source to a receiver of a potential form, 
as when the heat of a furnace is transferred to work ; under which con- 
ditions the actual energy of the working substance must be maintained 
constant. 

Sir William Thomson thus stated the second law : 

"Prop. II. (Carnot and Clausius).— 7)^ an engine be such that, token 
it is worked backtcard, the physical and mechanical agencies in every part 
of its motions are aU reversed, it produces as much mechanical effect as can 
be produced by any thermodynamic engine, with the same source and re- 
frigerator, from a given quantity of heat. " (Thomson's Papers, p. 178.) 

Credit is here given to Glausius for a part, at least, of the fundamen- 
tal principle involved, and hence it is unnecessary to consider his views. 

We find, then, that three of the principal founders of the science of 
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thermodynamics— ClaJisius, Hankine, Thomson— give as the second law 
ths principle of Camofa ideal elementary reversible engine. 

Unless the axioms of these writers, which are by Maxwell stated as the 
second law, be considered as including the reversible engine, it appears 
to be improper to consider them as the second law. These writers stated 
them as axioms, and not as the second law. 

The two laws of thermodynamics are the result of experience, guided 
by scientific investigation. Rankine siys : " The laws of thermodynam- 
ics, as here stated, are simply the condensed expression of the facts of 
experiment." (Mtsc, 8c. Papers, p. 427; Phil. Mag., Oct., 1865.) 

The statement of the second law referred to in this quotation Is simply 

the expression r -J? d v written out in words ; and hence is equivalent 

d r 

to one of the preceding quotations, and also to the one on page 83 of 
the text. 

Another statement : 

The first law asserts a fixed, unvarying relation between heat energy 
and the mechanical energy into which it is transmuted : but in a work- 
ing engine all the heat absorbed cannot be transmuted into work, and the 
second law asserts that a certain fractional part of the heat absorbed 
may be transmuted into mechanical energy when the substance is work- 
ed in Carnot's cycle. 
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[The articles in this Addenda are nnmbered the same as those in the 
body of the work to which the subject-matter pertains.] 



14. 16. Since air is not a perfect gas, the divis- 
ions on an air thermometer will not be equal for equal in- 
crements of actual heat absorbed by the air. The relation 
between p^ Vy r, as used by Thomson and Joule, is given in 
equation (7), page 13. The experiments of Regnault en- 
able one to determine the constants. The results of these 
experiments, generalized, enabled Sir William Thomson to 
construct the following table, in which the degrees are for 
the centigrade scale from to 300, and d is the relative 
density of the air in the thermometer. If at 0° C. it be 
under the pressure of one atmosphere, 760 mm., then will 
rf = 1, and the factors of d will be the fraction of one de- 
gree on the centigrade scale by which the readings differ 
from what they would if air were a perfect gas. 
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{Thomaon'8 Papers, p. 100.) 
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33. Numerous equations have been proposed to represent the results 
of experiments upon gaseous substances. Rankine's equation, (4), p. 13, 
is the most general, and is sufl9cient]y accurate for all substances used 
in engineering practice. It seems a useless labor to construct equa- 
tions that will represent with extreme accuracy the experiments made 
by any person, for the results of different experimenters will differ, 
and a formula that will agree nearly with one set will not agree with 
others. If the experiments are reliable, like those of Regnault, the* 
formula, when plotted, should exhibit the law indicated by the ex- 
periments, and give approximately the values found by experiment. 
The formulae pertaining to steam will be given in Article 78. The 
following are equations for earbanic (md gas. 

Rankine— also Thomson and Joule— gave an equation of the form 

pv = Bt 

TV 

{Phil. Trans., 1864, p. 336 ; 1862, p. 579.) 

Hirn gave 

(p + 7*) (o — ar) = ij r ; 

where x := "la somme de volumes des atomes ;*' 

r = '• la somme des action internes." 

{Throne Mecrinigue de la Chaleur, 2" ed., i., p. 195 ; 8* ed.. ii., p. 211.) 

Hacknel, in 1871 and 1872, gave the formula 

where a is a constant to be determined by experiment. 
J. D. Van der Waals gave 

p = R T-, 

in which if the unit of pressure is one atmosphere, and the unit of 
volume that which a kilo, of carbonic acid occupies under the pressure 
of one atmosphere at the melting point of ice, then 

i2 - 0.003673, 
a = 0.00874, 
b = 0.0023. 

Over de Continuiteit f>an den Gas en Vloeistoesiand, Leinden, 1873, 
p. 76, Op. cit., p. 76. 
Clausius, in 1880, gave 

'^ tj — a T {v -\- py 

in which if the pressure be in kilogrammes per square metre, and vol- 
ume in cubic metres, we have per kilogramme of carbonic acid. 
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B = 19.273, 
e = 6588, 
a = 0.000426, 
/? = 0.000494. 

This formula gave results agreeing remarkably well with those of 
observation. (Phil. Mag,, 1880, (1), 401.) 

23, 24, 25. Thermal lines. The more common 
thermal lines are defined in the body of the book ; but tlie 
following are sometimes used : 

Isopiestic^ or Isobar lines are lines of equal pressure, and, 
therefore, on the plane p Vy are parallel to the axis of v. 

Isonietric lines are lines of equal volume, and their pro- 
jections on the plane ^ v are parallel to the axis oij>. 

Isengericy or Isodynamic lines are lines of equal energy. 
In this case the internal energy remains constant, and all 
the heat absorbed during the change of state is transmuted 
into external work. See top of page 129. If the gas be 
perfect, the isen-gei*ic coincides with an isothermal. 

hentropic lines are lines of equal entropy, and hence 
coincide with adiahatics. 

40. Page 33. In order that the algebraic expressions 
may be serviceable in numerical problems, the volume t^„ 
Fig. 13, must represent a definite rrmss of the working sub- 
stance ; and we assume a unit-mass / and in English meas- 
ures let it be one pound. Clausius, Zeuner, and others, in 
some cases, include the intenial work in tlie expression — 
internal energy ; but we prefer to apply the term work to 
all that part of the heat absorbed which is destroyed— put 
out of existence for the time being — ^transmuted into an- 
other form of energy ; and if any part remains, call it a 
change of inteimal energy. 

The second law is sometimes called, briefly, the revers- 
ible engine / or, more fully, an expression of the facts in- 
volved in the simple reversible engine. Isothermal expan- 
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sion and compression are the first fundamental principles of 
this law ; the second being the axiom of Thomson that — no 
engine can be worked with mechanical profit at a lower 
temperature than that of the coldest of surrounding objects ; 
and since absolute cold cannot be produced in surrounding 
objects, it follows that only a fractional part of the heat 
absorbed can be transmuted into external work. 

It is worthy of remark that during isothermal expansion 
the heat of the working fluid does no work ; it is merely an 
agent for transmuting actual heat energy into work. If the 
working fluid be a perfect gas, it will transfer the heat 
directly from the source to the piston of the engine. If 
the working fluid be an imperfect gas, a part of tlie heat 
from the source will be transferred from the source to the 
piston of the engine and transmuted into external work, 
and the remaining part will be transmuted into internal 
work, being the work necessary to overcome the resistance 
of the particles in being separated during expansion. The 
actual, or kinetic, energy of the working fluid remains con- 
stant during isothermal expansion. 

Page 34. Sir William Thomson has proposed two scales 
of absolute temperatures. In the jwst scale it was pro- 
posed to consider the difference of ike temperatures of the 
source and refrigerator as constant when the work done hy 
a perfect engine on abstra^ing a unit of heat from, the 
source is constant^ whatever he the temperature of the heat 
absorbed. 

To get an idea of this principle, observe that in Fig. a, 
the successive divisions represent equal works done in suc- 
cessive elementary engines ; but the heat absorbed, <p^AB ^„ 
in doing the work A B c d^\^ more than <p^dc <p^ in doing 
the equal work d c ij. But the preceding principle re- 
quires that tlie heat absorbed along y z must equal that 
along A B^ while the elementary works done in the cycles 
must be the same ; therefore, to represent this case y z must 



be prolonged so that the area under it and between the two 
adiabatics through-its extreinitiee shall equal ip, A B <p,, and 
the elementary strip under y s must be 
so narrow that ita area shall equal A Bed. 
To tind the symbolic expression, let 
H ^ <p, A B <p, = the heat ab- 
sorbed, in foot-pounds, 

dII=ABcd = the heat trans- i 

muted into work, 

d t = the difference of absolute fig. a. 

tumi^ratures between the sonrce and 
refrigerator, 

— = the fractional part of the lieat absorbed tliat ia 
transmuted into work per unit of tempera- 
twre ; 
then 

t/te work = f2 fl d i = d II ; . • . jt-t- = M- 

But according tu the principle above stated, ft is not only 
independent of the temperature, but the ratio of the left 
member is to be constant ;* hence /i is constant, and we 
have by integrating between tlie limits JI^ and H, for Iieats, 
and (, and t, for temperatures, 

// -(',"(,) 

lt = ' ' 

— that ii^ if the difierences on tlie scale of the tliermometer 



• Or iDlegreliDg, we have : 



-r- 



But, 1q this scale, the work Ua function of ilie diSerciicc of temperatures, 
whatever In: the lempcrature of H,. and this coiidiKon requires tbnt )i 
Mliuulii be constant. This relation is clearly sliown in equation (a). 
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increase aritlimetically, the rdtio of Keats of the source 
and refrigerator will increase geometrically. 

The efficiency would be 

—ir^^^-^' ; 

and the work done 

or, the work will be the same for each degree on the scale 
for the same amount of heat absorbed, regardless of its tem- 
perature. 

Let this scale have 180 divisions between the melting 
point of ice and the boiling point of water ; then, since the 
efficiency of the perfect elementary engine worked between 
these temperatures is 

H, - H^ _ 180 180 __ ^ 

II, ■" 460.66 + 212 ~ 672.66 " + ' 

__ -180'^ _ 180 
• ' ^ ~ 672.66 5 
. • . /i = 0.00173. 

According to the absolute scale in ordinary use, 

II, T, T, + 460.66 ' 

the last fraction being applicable to the Fahrenheit scale. 
Let this scale and the former absolute scale above considered 
both be numbered 212 at the boiling point of water, then 

T, = 212 = t,, 

and dropping tlic subscript 2 we have for the relation 
between t and T, 

212 - T_ 1 



672.66 ^1212-0' 

from which we find 
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2.30258 %., 5^~ 
^ ^ = U.00173 

by means of which, if any degree T be given on the 
Fahrenheit scale, the corresponding number t may be found 
on Thomson's first absohite scale. If T = — 460.66, 
^ = — 00 ; that is, t/ie absolute zero of this scale is 7ninus 
infinity. The higher the temperature T, more and more 
degrees will be required to make a degree on the absolute 
scale. 

This scale is not practical. It was devised while Thom- 
son held to the old theory of heat (or calorie), which 
maintained that heat was material, and hence could not be 
converted into work. He said : " The conversion of heat (or 
caloric) into mechanical effect is probably impossible, cer- 
tainly undiscovered." {PhiL Mag., 1848, (2), 315.) Work 
was then supposed to be derived from heat by letting it 
down from a hot body to a cold one without diminishing 
the quantity of heat ; just as work is obtained from water 
by letting it down from one level to a lower one while 
passing through a motor without diminishing the quantity 
of water. 

{Phil. Mag., 1848, (2), 313 ; Trans. P. 6\ K, XX. 
(1851), 273 ; Phil. Mag., 1852, (2), 106 ; Thomson's Papers, 
Vol. I., p. 139.) 

Making // = - gives, by integration, 

JT,- n, _ U_ _ r, -r. 
/A - if. - - r, ' 

or Thomson's «^<?<?7w?/*caZ/?. {Trans. R. S. E., 1854, p. 125 ; 
Phil. Mag., 1856, (1), 216.) A comparison of this scale 
with the air thermometer is given in Article 14 of this 
Addenda. 



402 ADDENDA. 

Page 38. In the third Itne from the top it will be ol>- 
Berved that the argument depends upon an inference, 
'*It is inferred^'* &c. No absolute proof of equation (21) 
hajB been made. Rankine deduced it in a short way, found- 
ing it upon the hypothesis that — in a given mass of a 
s^ibstarice the quantities of sensible heat are proportional to 
their absolute temperatures. {Misc. Sc, Papers^ pp. 50, 
56, 376, 377, 409; Phil. Trans., 1854.) Thomson and 
Joule established it by a long and very delicate series of 

experiments, determining that // = -, establishing this value 

within y^ of its actual value. Clausius, in his later work, 
established it by a process of analysis, but it is somewhat 
obscured by the more general equations in which it is in- 
volved. Yet there is no question as to the correctness of 
this equation ; for not only do Thomson and Joule's experi- 
ments prove it to be as nearly mathematically exact as it is 
possible by means of physical experiments, but it produces 
substantially correct results when applied to various prob- 
lems in this science ; and this is tlie best test of a physical 
law. The Newtonian law of universal gravitation is accepted 
as mathematically exact for all problems to which it is 
applied involving finite distances, although the law does not 
admit of an absolute proof. 

The hypothesis of Rankine, referred to above, was criti- 
cised by Clausius, and Rankine modified it thus : " A 
change of real specific heat, sometimes considerable, often 
accompanies the change between any two of those condi- 
tions" of solid, liquid, or gaseous. This definition was not 
accepted by Clausius as correct. (Clausius On Heat, 1879, 
pp. 345-348 ; Rankine's Prime Movers, p. 307 ; Phil. 
Mag., Ser. 4, Vol. VII., p. 10 ; Pogg. Ann., Vol. CXX., 
p. 426 ; Phil. Mag., Ser. 4, Vol. XXX., p. 410.) If tliis 
principle be not rigorously aad universally exact, it is, so 
fariifi.knoYm, correct within the limits of error of observa- 
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tion for imperfect gases; and these are the substances to 
whicli this science is very largely applied. 

42. Page 43. During isothermal expansion at a given 
temperature, r, a certain amount of external work will be 
done, SiS v^ d e v^^ Fig. a^ and a certain amount of internal 
work which we assume is not yet known. If the same 
amount of expansion be performed at a temperature r -\- dr, 
the external work v^ A B v, will be done, and a certain 
amount of internal work, which, as before, may be un- 
known. One of tlie brilliani; points in Rankine's establish- 
ment of equation (21) was his conception that the differ- 
ence between the external works for two equal isothermal 
expansions in which the temperatures of the source differed 
infinitesimally, being r in one case and r -[- <? r in the other, 
equalled the work done by an elementary engine for the 
same isothermal expansion, the temperature of the source 
being that of the higher temperature, t -{- d r, and of re- 
frigerator that of the lower, or r. In other words, the in- 
crement of external work due to an elementary increase of 
tlie temperature of the source equalled the increased incre- 
ment of the heat absorbed. Or the increment A Bed oi the 
heat (Pii (p^ equals the increment A B c d oi the external 
work v^ A B v^. This is equivalent to asserting that the 
difference of the internal works done during the perform- 
ance of the external works v^ d c v^ and v^ A B v^ is zero ; 
or, at most, a difference of the second order compared with 
the difference of external works. 

As a verification of this principle for a particular case, let 

r b 
the equation of the gas he p = Ji 1 ; then will the 

area of one of any one of the strips in ^, ^ ^ 9?, be 

as already given in Exercise 2, page 44. The external work 
for isothermal expansion will be 
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as in Exercise 4, page 45. The differential of the latter in 
regard to r gives 

which is the same as found above for d c ij, 

43. In the Exercises on page 44, it must be under- 
stood that they refer to a unit-^masSy and when numbers 
are given, they refer to one pound of the gas. 

48. By consulting the records of Regnault's experiments, 
one becomes impressed with the large amount of work done 
by him and the extreme accuracy with which his experi- 
ments were made. 

61. By a purely analytical relation between the physical 
properties of a perfect gas, it has been shown that 

;^ = *, = 1.405285. 

{Phil Mag,, 1885, (1), 520.) 

58. Page 63. Air has been compressed to 500 pounds per 
square inch for use in the Vincennes- Villa tramway. {La 
Nature So, Am, Sup., 1888, Mar. 17, p. 10167.) Air has 
been compressed to 1000 pounds per square inch for use in 
djTiamite guns. 

58. Exercise 15, page 71. 
Equations (B) give 

Let 

u = sr, p = y, P = - , Q = a n (y — 1) a? "-• = jff « "-* 
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and the equation becomes 

where P and Q are functions of x. This is a differential equation of 
the first order and first degree. 

To find the integral, first let Q = 0, then 

where (7, is a function of x instead of a constant of integration. Differ* 
entiating, 

—/p d X —fp d X , ^ — /p d X 

ax * ax ' d X 

-fPdx fPdx 

,-.Qdx=^€ .dCs\ .•.Cs=/Qe dx; 

—fpdx fpdx 

. '. y = « /O t dx; 

an(y — 1) n — 1 
n- 1 + y 

Exercise 16 may also be reduced to the linear form, giving 

Exercise 17 gives the differential equation 

dp __ n a (y — 1) «■-* — yp 
dv "" 7i6(l — y)^'-*--!; 

71. Page 89. The melting point — or freezing point — of 

liquid carbon disulphide — 116° C. 

" absolute alcohol - 130.5° C. 
Alcohol becomes viscid at — 129° C; 

{P/iU. Mag., 1884, (1), 490.) 

72. Page 90. By experiment it has been found that the 
melting point of ice is raised 0.0066° C. by a reduction of 
pressure from 760 mm. to 6 mm. {PhiL Mag,, 1887, (2); 
295.) 
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74. Of liquids and saturated vapor. Regnault 
found the latent heat of evaporation by determining the 
total heat and the heai of the Ivpiids independently, and 
taking their difference. 

Total heat of liquids, being the number of ther- 
mal units necessary to raise the temperature of a unit-mass 
from that of melting ice to t degrees centigrade, as- deter- 
mined by Regnault, at atmospheric pressure. 

SubBtance. Number of Thermal Units. 

Water q = < + 0.00002 t^ -j- 0.0000003 <». 

Alcohol q = 0.54754 1 +0.001122 ^ 4- 0.000002 f». 

Ether q = 0.52901< +0.0002959<«. 

Chloroform q = 0. 23235 i 4- 0. 0000507 <«. \ (1) 

Chloride of carbon . .q = 0.19788 « + 0.0000906 <«. 

Acetic acid q = 0.506403 « 4-0.000397 ^. 

Bisulphide of carbon q = 0.23523 1 + 0.000082 f». 

The general law of these equations may be represented by the empir- 
ical equation 

q = ai « + 6, ^ + c, ««. (2) 

To reduce these to English units, we observe that y, the 
nitniber of thermal units, is independent of the unit of 
mass, or weight, since the ratio between the quantities of 
heat, in this case, and the respective quantities of liquid ex- 
perimented upon will be constant, but will be dependent 
upon the thermometric scale. 

Since the degree in the British thermal unit is \ that in 
the French, the number of British thermal units will be 
I times the number of French units for the same temper- 
ature ; and if T be the temperature on the Fahrenheit 

scale we have 

< = i(r-32); 

hence, for water we would have, q denoting the number of 
B. T. U., 

g = f q = m (T -32) + 0.00002 [§ {T- 82)]* + 0.0000003 [J {T- 32)]»]: 
and similarly for the other liquids. Substituting and re- 
ducing, we have 
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SnbeUnce. No. of B. T. U. at lemp. T. 

Water, q = 

- 31.991656 + 0.99957333 T+ 0.000002222 T* + 0.0000000926 7^. 
Alcohol, q = 

- 16.903214 + 0.509543 T + 0.00056407 T* 

+ 0.000000617284 T^. 
Ether, q = 

- 16.759986 + 0.518489 T + 0.00016439 T*. 
Chloroform, ^ = J. (3) 

- 7.406358 + 0.230547 2 + 0.00002817 T*. 
Chloride of carbon, q = 

- 6.280619 + 0.194659 T + 0.00005038 r». 
Acetic acid, q = 

- 15.979005 -h 492287 T + 0.00022055 r«. 
Bisulphide of carbon, q = 

- 7.480711 + 0.232314 T + 0.00004556 r». 
The general law will be 

y = a, + J, !r+ <?,' T» + ft, T». (4) 

The figures in equations (3) were obtained by carrying 

out the decimals to many more places, and then retaining 

the above to the nearest unit for the right-hand figure. 
The specific heat (U any temperature will be the 

differential coefficients of the preceding expressions, which, 

for water, will be 

^ = 1 + 0.00004 t + 0.0000009 f, (5) 

per degree centigrade, and 

^|,= 0.999573 + 0.000004444 T+ 0.00000027768 r, (6) 

par degree Fahrenheit. 

These results for water are not exactly the same as Ran- 
kine's or Bosscha's, given in Article 95, but any one of them 
is sufficiently exact for ordinary practice. 

74, 86, Total heat of vapor. This expression in- 
cludes the heat imparted to the liquid in raising its tem- 
perature from that of the melting point of ice to that at 
wliich the vapor is generated added to the heat necessary to 
evaporate the liquid at the liigher temperature. The latent 
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heat of evaporation includes both internal and external 
work ; the external being the work of enlarging the volume 
at the pressure corresponding to the higher temperature, and 
may be represented by the work done by a pound of satu- 
rated steam in pushing a piston against a constant resistance 
up to the point of cut-off in an engine, and the internal, 
that of overcoming the mutual attractions between the 
molecules. Let A be the number of heat units necessary to 
raise one kilogram of a liquid from 0° C. to a temperature ^, 
and vaporize it at that temperature ; then Regnault's ex- 
periments may be represented by the following empirical 
formulae : 

dnKatAtinA Number of heat units in the *' total heat 

sjuDBiance. ^^ ^^^^ „ j^^ p^jj^tj thermal units. 

Water h = 606.50 + 0.805 <. 

Elher h = »4.00 + 0.45000 t - 0.00055556 f-. 

Acetic acid h = 140.50 + 0.36644 t - 0.000516 <*. 

Chloroform h = 67.00 + 0. 1375 t. 

Chloride of carbon . . h = 52.00 -f 0.14625 t - 0.000172 t>. 
Bisulphide of carbon, h = 90.00 + 0.14601 t - 0.0004123 <«. 

For English units, if h be the number of heat units m 
one pound of the substance on the Fahr. scale, then for 
water we would have 

A = I h = f [606.5 -h 0.305 X i{T- 32)] 
= 1091.7 + 0.305 {T— 32) 
= 1081.94 + 0.305 T; 
.' .JI=: 841829 + 237.29 T, 
which differs slightly from E^. (95), page 111, because some 
fractions were omitted in determining the latter. In this 
manner we find the following results : 

fl„Kofo««^ Namber of B. T. U. In the '" total heat of vapor *' 

BUDsiance. of 1 lb , Fahr. scale, aboveO* P. 

Water h = 1081.94 + 0.305 T. 

Ether h- 154.4839481 + 46974324 T- 0.000308633 T\ 

Acetic acid. . h = 240.880363 + 0.3847836 T - 0.000286666 T\ 

Chloroform.. ^ = 116.2 4- 0.1375 T. 

Cli. of carbon h = 88.82215 + 0.1523655 T - 0.00009555 T*. 

B. of carbon. ?i = 157.093127 + 0.16033955 T- 0.0002290552^. 

General equation 

h = a» + bs T- C9 TK (8) 



(7) 
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74. Latervt heat of evaporation. Subtracting the " heat 
of the liquid " from the '' total heat of the vapor " gives 
the latent heat of evaporation ; hence ' 

and making the substitutions from above, we have the 
following results : 

Latent heat of evaporation, being ihe No. of French 
flahBtance heat unite in one kilo, of the vapor 

SahBtance. ^^ ^^ \yo\i\ng point. 

Water h. = 606.5 - 0.695 t - 0.00002 ^-0.0000003 ^. ^ 

Ether ' h. = 94.0 - 0.07901 1 - 0.0008514 ^. 

Acetic acid h. = 140.0-0.13999 <- 0.0009125 ^, 

Chloroform h. = 67.0 - 0.09485 t - 0.0000507 «'. 

Chlo. of carbon. . h. = 52.0 - 0.05173 t - 0.0002526 ««. 
Bisulp. of carbon h. = 90.0 - 0.08922 t - 0.0004938 f. 

In English units these become : 

Latent heat of evaporation, being the heat necwaary 
SuUtanc. to -aporate^cjje p«^d^oMh| sub.U^^ « the 

Water ....»= "21.7 - 0.6946 T- 0.000002223 T* - 
0.0000000926 T*. 

Ether ....A. = 171.24 _ 0.0487 T- 0.000478 3". 

Acetic 'acid K = 256.86 - 0.1075 T - 0.000507 7". 

Chloroform K = 123.80 - 0.0980 T - 0.000282 TK 

Chlo. carbon .... A. = 95.108 - 0.0428 T - 0.0001408 T>. 

Blsulph. carbon. . h, = 164.57 - 0.0716 T - 0.0002746 T\ 

General equation : 

h.^a,-'h,T^c,T^-d,TK (U) 

These for English units and absolute temperature on the 

Fahrenheit scale become : 

Latent heat of evaporation in B. T. U., absolute 
Sabstance. temperature, t. 

Water ... A. = 1442.474 - 0.751472 r + 0.0012688 r' - 

^'^^ 0.0000000926 r». 

Ether ....».= 98.8214 + 0.8870 r - 0.00O473 r«. 

Acetic acid h. = 197.925 + 0.8595 r - 0.0005070 r'. 

Chloroform h. = 160.4924 - 0.0671 r - 0.0000282 r' 

Chlo. of carbon. . h. = 8.5.0245 + 0865 r - 0.0001403 r«. 
Bisulp. carbon.. . K = 140.1806 + 0.1810 r - 0.0002748 r'. 
Qoncral equation = ,^ ^ ^, ^ j. , + ,.,, + ,. r'. (13) 



HlO) 



(12) 
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The effect of retaining the smaller decimals will be ap- 
parent by comparing the above results for water with the 
corresponding ones on page 95. Those on the latter page 
are considered sufficiently accurate for practice. None of 
them can be relied upon for temperatures much outside of 
those in the experiments upon which they are founded. 
The two equations are not very different within the range 
of temperatures ordinarily used in practice. 

To Jmd the Jieat which does the disgregation vxyrk^ we 
must find the external work done during evaporation. This 
may be done as follows : The pressure for the absolute tem- 
perature of the vapor is, equation (80), page 97, 

We have computed the following constants by means of 
Regnault's experiments. They are for degrees Fahrenheit 
and pounds per square foot : 

Fluid. A. log B. log C. 

Steam 8.28203 3.441474 5.583973 

Ether 7.5641 3.3134249 5.2173549 

Alcohol 8.6817 3.4721707 5.4354446 

Bisulph. Carbon 7.4263 3.3274293 5.1344146 

Chloroform .... 4.3807 3.288394 6.1899631 

[B ie DCffative 
for Chloro- 
form.] 

Ammonia 6. 

Mercury 7.9711 3.74293 

For steam. For ether. 

B = 2763.59, B = 2057. S, 

C = 383683. C - 164950. 



Now find the volume of a pound of the vapor by meane 
of equation (84), or the approximate one, (86). Thus, 
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77e , «^e 



dt dr 

The value of h^ is given by equations (10) and (11), and 

substituting, gives 

a^hT -cT' ^ 

(£ + --, j 2.3026 

This is the outer work. The dwgregation work will be 

p = II^--p (v. - '&,). (14) 

Zeuner, by this laborious process, computed the disgre- 
gation work for a range of temperatures, and for various 
substances, and assumed, arbitrarily, that they followed the 
law 

P = a. — *. ^ —c.t*^ 

and determined the constants by means of his previous 
computations, and obtained the following results : 

For French units. 

Ether p = 86.54 - 0.10648 1 - 0.0007160 f. 

Acetic acid p= 131.63 — 0.20184^ — 0.0006280 f. 

Chloroform . . . . p = 62.44 - 0.11282 1 - 0.0000140 f. 
Chlo. of carbon p = 48.57 - 0.06844 1 — 0.0002080 f. 
Bisulp. of carbon p = 82.79 - 0.11446 1 - 0.0004020 f. 

For saturated steam, the outer work may be found verv 
nearly from a table of the properties of saturated steam, 
by multiplying together the corresponding pressures and 
volumes. The product will be p ^„ Eq. (14). The temper- 
atures being given in such a table, we may find the total 
latent heat of evaporation by means of equation (78), 
page 95. 

Reduce the pressures to pounds per square foot, if neces- 
sary; and substitute in equation (14), to find the disgre- 
gation work. 
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The latent heat of evaporation^ as commonly used, might 
be called the appaeent latent Jieat of evaporatloji ; and the 
disgregailon worky the real latent heat of evapo^ration. 

Page 96. The latent heat of evaporation is reported 
differently by different authors. Thus I find that one author 
gives for oil of turpentine, 123, another, 133, and still an- 
other, 184 ; and I have not ascertained which is correct. 
For ether, 164.0, 162.8. Alcohol, 304.8, 372.7, 385. Naph- 
tha, boiling point, 306, 141° F. ; latent heat of evaporation, 
184, 236. 

Densities of soms vapors compared with that of air when 
near their boiling points : 

Atmospheric air 1.000 

Steam 0.6235 

Alcohol vapor 1.6138 

Sulphuric ether vapor 2.5860 

Vapor of oil of turpentine 3.0180 

Vapor of mercury 6.976 

The densities of vapors at the boiling points of the liquids 
are approximately inversely as their latent heats of evapo- 
ration. 

Thus, 

Density of vapor of alcohol = 1.6138 _ « kq 
Density of steam = 0.6235 "~ 

Latent heat of evaporation of steam = 966.1 __ ^ ^q 
Zate7it heat of evaporation of alcohol = 372.7 "~ 

76, Rankine, in his article On ths Ceyitrlfuyal Theory 
of Gases* deduces an equation of the form, 

logp = a - -, 

for the relation between the pressure p and absolute tem- 
perature r of saturated vapor. It was found, according to 

♦ Mis. 8c. Papers, p. 48 ; PhU. Mag., Dec , 1851. 
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Regnault's experiments and others, to be accurate for a 
limited range of temperatures only. Rankine then proceeded 
to find an empirical formula that would represent more 
accurately a greater range of temperatures, and was led, by 
analogy, to try a third term containing the inverse square 
of r, thus giving 

logp = J. - — - -, 

which was found to represent, quite satisfactorily, the re- 
sults of experiments upon steam, mercury, alcohol, ether, 
turpentine, and petroleum. 

Some fifty, or more, formulas have been devised to ex- 
press the relation between the pressure and temperature of 
saturated steam ; all of which are sufficiently accurate for 
certain small ranges of temperature and pressure. Ran- 
kine's, given above, is the most accurate for a large range. 
Some of the most celebrated of the other formulas are : 

Dulong and Arago'S) for pressures above four atmospheres 

p = (0.4873 -t- 0.012244 0» lbs. per sq. in., 

t being the temperature centigrade. 
Mallet's, from 1 to 4 atmospheres, 

/75 -I- ^ \ * 
P = ( fijTQ ) ll>8. per sq. in. (15) 

Tredgold's is the same, except that 175 is substituted for 111.78. 
Pambour's, from 1 to 4 atmospheres, ^ " C. 



p = (-lisi^)' '•«• p*' '^- »"• (^«) 



Roche's 



p = ab (17) 

Regnault made three equations ; the first applying from — 80* C. to 

O^C. 

log p = a + b a^t millimetres, (18) 

in which a = - 0.08088 ; logb:s: 9.6024724 - 10 ; log a = 0.0888980 ; 

n = 82° + t 
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From 0° to lOO* C. 

hgp = a — b a^-\-e p\ millimetres, (19) 

in which a = 4.7384380 ; logb^ 0.6116485 ; log e = 8.1340339 - 10 : 
fa»r a = 9.9967449 - 10 ; log P = 0.0068650. 
From 100" to 230" C. 

log p = a — ba"" + e p^, (20) 

in which a = 5.4583895 \ logb = 0.4121470 ; log c =: 7.7448901 - 10 ; 
loga = 9.99741212 -lO; h*gP = 0.007590697. 

Zeuner, by a special investigation, deduced a formula applicable both 
to saturated and superheated steam, which is 

pv=z Bt -^ CjF, (21) 

in which B = ?^, although it is better to consider B, C, n, as con- 
To 

stants to be found from experiment. For steam this becomes 

pv = 50.933 r - 192.50 p ¥, (22) 

in which p is the pressure in kilograms per square metre, and v the spe- 
cific volume in kilograms per cubic metre. This formula is suffi- 
ciently accurate from 0.2 of an atmosphere to 15 atmosphei-es and, so far 
as tested, gives good results for superheated steam. 

Hr. Ritter, from a discussion of experiments by Hirn, proi)osed the 
equation ♦ 

«=^+ A- (83) 

B pv^ ' 

in which 

12 = 4.653, 8- 1043800; 

which gives values for u agreeing almost exactly with the results found 
by equation (84), page 98. But it is too complex for analytical discus- 
sions. 
Unwin proposed the equation \ 

l^,^ = « - -^ (24) 

= 7.5030 - ^, 

for saturated steam ; in which p is in millimetres of mercury and 
To = — 273, on the centigrade scale. This equation is nearly, but not 
quite, as accurate as Rankine's ; and possesses some advantages for an- 
alytical purposes. Unwin finds, for the latent heat of evaporation, 

* Pogg. Ann, (2), iii. (1878). 447. 

t On the relations of temperature, pressure and volume of saturated 
steam.— PAiY. Mag,, 1866, (1), 299-808. 
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and for the specific volume of saturated steam, 

, 10821 ^e ,nftx 

f, = «i H 7 J ;. (26) 

Also, for alcohol ; 

logp = 7.448 - ^^,. (27) 

For ether ; 



For carbonic acid ; 



logp = 6.9»68 - ?^-,. (28) 

logp = 8.4625 - ~^. (29) 



The author, considering steam as an imperfect fluid — or 
gas — both when saturated and superheated, applied Ran- 
kine's general equation for imperfect gases with the follow- 
ing results : — 

The general equation being 

jp^ = i?r-.ao-^-^- &c., (30) 



^. 



and first assuming that the resulting equation might, pos- 
sibly, be of the same form as his for carbonic acid gas, I 

made a^ = 0, a, = — , and all the remaining terms zero, giv- 
ing 

pv = JRr -^ —. (31) 

But this gave no satisfactory result. I then assumed 

h 

^0 = ^^ 

and all succeeding terms zero, as Rankine considered that 
^oj «ij &c., were inverse functions of v, thus giving 

j,v = Jir-^. (32) 
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To find the constants R^ J, n, requires three contempo- 
raneous values of tlie variables p, v^ r. I determined values 
of y by assuming several values for j? and r by equation 
(85), page 98, and compared the results with the recent 
tables of Professor Peabody, and in no case did they differ 
by more than .02 and in most cases they agreed exactly to 
the second decimal figure — and this too notwithstanding he 
used Regnault's equations for the relation between pres- 
sures and temperatures, while I used Rankine's, being equa- 
tion (80), page 97 ; but using for constants my own values 
on page 98, instead of those computed by Rankine. So 
close an agreement was not anticipated under these condi- 
tions ; and where the difference was greatest it might pos- 
sibly have been less had I used more decimals. I there- 
fore use Peabody's tables with confidence. I have, how- 
ever, used V, = 26.58 for the specific volume of saturated 
steam at 212°, and pressure of 14.7 lbs. per square inch as 
computed on page 102 ; but all other values I have taken 
from the tables. 

Using as arguments the three sets of values : 

p, = 14.7 X 144, p, = 100 X 144, p, = 160 X 144, 
V, = 26.58, v^ = 4.38, v, = 2.83, 

r, = 672.66 ; r, = 788.16 ; r, = 824.06 ; 

Ifind 

B = 96.95, b = 18473, n = 0.22 ; 

giving the equation 

j>v = 96.95 r - ^ (33) 

More decimals in the value of n would make v^ slightly 
larger, and as only two are retained, a comparative compen- 
sation would be produced by increasing the value of the 
numerator, and the result of a few trials justified this modi- 
fication, and we finally have 
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For saturated and superheated steam 

18500 



p^ = 96.95 r — 



V 



tt.ta 



(34) 



in which j5>f will be in pounds per sc|uare foot, and v the 
cubic feet per pound. If ^ be in pounds per square inch 
and V the cubic feet per pound ; then 

p,v = 0.6732 r - ^~r. (35) 



V 



In order to test this equation, I made the following table 
for saturated steam ; taking from the table tlie values of v 
and Ty and comparing the computed and tabular values 
of p. 



TEST OF EQUATION (24). 



SPBcinc 

VOLUMl 
CU. FKBT. 



V. 



Tbxpkraturb. 



DejfreeaP. 



T. 



Absolute. 



T. 



Pbbuurb. 



Poande 
per 0q. iu. 



PonndB per sq. foot. 



Calcalftted. 
Eq. (94). 



Tabular 
value. 



Fraction 
of error. 
ColnmnB 
5 and 6. 



90.81 


158.1 


618.76 


4 


688 


576 


53.37 


176.9 


617.56 


7 


1018 


1008 


26.58 


212.0 


672.66 


14.7 


2116 


2116.2 


7.10 


292.5 


753.16 


60 


8597 


8640 


5.42 


811.8 


772.46 


80 


11462 


11520 


440 


327.6 


778.26 


100 


14560 


14400 


2.83 


363.4 


824.06 


160 


28030 


28040 


2.294 


881.7 


842.86 


200 


28882 


28800 


1 


2 


3 


4 


5 


6 



+ 



— Ti? 
+ A 



The agreement is good, and if the pressures were ex- 
pressed in pounds per square inch, the whole numbers 
would agree to within one unit. 

The measurements of superheated steam are few in num- 
ber ; but using those given by Him, we have the follow- 
ing : 
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SUPERHEATED STEAM. 



Specific volames. 


Traipemtarefl. 


PreMurefl, lb«. per 
Bqnare foot. 

Ei 


Ton. 


cu. metre cu. ft. 
per kilo, per lb. 


C. 


TFah. 


r. 


X'm '"^'^'^'- 


1.85 
0.697 
0.5752 
0.414 


29.629 

11.168 

9.212 

6.681 


141 
200 
246 
205 


285.8 
892.0 
474.8 
401.0 


746.46 
852.66 
985.46 
861.66 


2146 

6485 

8721 

10759 


2116.2 + ^ 

6.S48 + A- 

8464 +iAr 

10580 +A 



These results do not agree so nearly% as for saturated 
steam, and the errors are all in one sense, the computed 
values being all too large. This we would anticipate since 
the more the steam is superheated, the more nearly will 
it behave like a perfect gas, and conform more nearly to 
equation (162), page 172 ; or to one of that form. 

In a paper read before the Society of Mechanical Engi- 
neers in May, 1889, I discussed several forms of equations 
for saturated steam. Among them was the following, pro- 
posed by Mr. E. R. Dawson, a graduate at the Institute : 

1636.88 



p = 0.6734 



v^ 



- 0.16. 



The close agreement of Zeuner's equation, (22) above, 
with experiment, is more apparent than real ; since if our 
values of J = 427 instead of 424, and r^ = — 273.7 in- 
stead of — 273 be used, the computed results would be 
more in error than his appeared to be. I would use the 
preceding equation, (26), with as much confidence for super- 
heated steam as I would Zeuner's. 

78a« 27ie critical temperature is the state at which no 
external work is done when a liquid changes to a vapor. Or, 
in a series of isothermal changes in which the liquid is 
changed to a vapor, it is the state at which the external 
work vanishes. Or, again, it is the state at which the rexd 
latent heat of evaporation is zero. 
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In Fig. d^ the external work done during the evaporation 
of one pound of the liquid will be j[> X -ff C, at the tem- 
perature r. When the abscissa between F E and E C \% 
zero, as at E^ the corresponding temperature will be the 
critical temperature for that substance. 

Neglecting the external work due to the enlargement of 
the volume of the liquid, the critical temperature will be 
that temperature which will reduce the apparent as well as 
the real latent heat of evaporation to zero. For steam, the 
first two terms of equation (12) of this Addenda gives 

r = 1919 ; or r = 1469° F. 

The critical temperature of a few substances has been 
found by experiment. Thus, it is for 

Deg. 0. 

Carbon tetrachloride 292.5 

Carbon disulphide 276.1 

Acetone 246.1 

{Pogg. Ann., cli., (1874), 303.) 

Theory gives higher values than these. The critical 
temperatures and pressures for twenty-one substances is 
given in the PhilosophicalMdgazine, 1884,(2), page 214. 

Avenarius showed by experiment that over a certain 
temperature fixed for each substance there is no distinction 
between the liquid and vapor states, so that pressure alcme 
wHl not cause a gas to Uquefy, 

79, In Rankine's tables the absolute zero was assumed 
at 461.2 below the zero of Fahrenheit's scale, while those at 
the end of this work are computed with 460.66. 

85, See Article 75 of this Addenda. 

96« Clausius claims to be the first to announce that in- 
ternal work is a function of the initial and terminal states 
only. (Clausius On Heat, page 35.) 
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97. It will be a good exercise for the student to give 
geometrical interpretations of the equations on page 132. 

9 7 a. ** Oihthe dimenHoru of temperature in length, mass and time ; 
and on the absolute C. G. 8. unit of temperature" (Phil. Mag., 1887. (2). 
96). It is shown that, in accordance with Thomson's absolute scale, the 
unit temperature tootUd be that of a perfect gas whose mean kinetic energy 
per molecule was one erg. 

If ^ = the mean kinetic energy of a molecule of the gas, 

r = absolute temperature of a perfect gas, 

A; = a constant, 

p = pressure per unit, 

t> = volume of a pound of the gas, 

n = the number of mcdecules in a pound ; 

then, 

E = kr, 

and making A; = 1, 

But, equation (2) of Appendix, gives, if Vi = ^ for 1 pound, 

xp Vi =z V* = 2n B; 
hence, making a; = 3, and omitting the subscript, we have 

pv = inE; 

10* X 1 

for the value of the temperature at 0" C, or — 273" C. absolute, C. G. 8.. 
and 

tJie absolute unit = 273 -h 2.5 X 10- '• = about 10" C. degrees. 

" Having seen that temperature is of the same dimensions as energy, 
and knowing that the same is tnie of ?ieat, it follows that entropy, whose 
dimensions are heat -^ temperature, is a purely numerical quantity ; and 
the unit of entropy is therefore independent of all other physical units. 
In fact, the entropy of a perfect gas increases by unity, when {without alter- 
ing its temperature) it receives by conduction a quantity of heat equal to the 
mean energy of one of its molecules" 

98. Priming or superheating. Equation (135), 
page 144, may be put in a more customary form as fol- 
lows : 

Let 

T^ = the temperature of the water at the boiling point 
under the given pressure in degrees Fahr., 
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T, = the temperature of the feed water, which is as- 
sumed to be the same as that of the higher 
temperature of the water supplying tlie calo- 
rimeter. 

T^ = the initial temperature of the water supplied to 
the calorimeter. 

h = the total heat of steam^ being the heat units 
necessary to raise the temperature of one 
pound of water from 32° F. to the boiling 
point and evaporating it at that point. Its 
value may be found in special tables, or f roin 
equation (134) after making a? = 1. 

Aj = the heat units in one pound of die water at the 
boiling point above 32° F., which will be T, — 
32, nearly, but may be found more accurately 
from Article 95, or more directly from suit- 
able tables : 

A, = the heat units in one pound of the feed water 
above 32° F., 

h =. the heat units in one pound of the steam above 
the temperature of the feed water as deter- 
mined from a calorimeter, 

w = the weight of the steam condensed in the calo- 
rimeter, 

W = the weight of the water supplied to the calo- 
rimeter ; 
then 

f^=^iT,-T,), (1) 

T. - T. = r. - r, = A. - h„ (2) 

A. = h - A, = h - (r. - 32). (3) 

Dividing both numerator and denominator of e(iua- 
tion (135) hy J = C, and substituting the above vahies 
gives 
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h -|- T — T — A 

Per cent of priming = 100 -^ ^r — (4) 

= 100 -^^^ J ^ 

h — A, 

If this equation becomes negative there will have been 
superheating. 

In equation (5), h — A, is the heat supplied above the 

temperature of the feed water to produce one jpound of 

TF 
saturated steam, and — (^t — T^ is the heat supplied to 

one pound of steam and water combined. If the entii-e 
pound be steam at the point of saturation, this quantity 
would equal the former and the expression would reduce to 
zero. But if it exceeded the former there would have been 
superheating, and the expression becomes negative. The 
numerical difference between, the two terms would be the 
number of heat units of superheating, and this divided by 
the specific heat of steam (0.48) gives the number of de- 
grees of superheating ; or 

f,(7;-r.)-(h-A.) ^^^ 

Deg. superheating = jj-jo " ' 

These tM'o expressions may be partly combined in one, 
thus ; if 

? = h-A.-^(r,-r.); (7) 

then, if q be positive, we have 

Per cent priming = 100 t-; 
and if q be negative, 

Degrees of superheating = ~ = tt-j^ , 

disregarding the sign of q in the result. 
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Accuracy in the calorimeter test requires a correction for 
the heat transferred to the vessel and the vapor escaping at 
tlie surface. The corrections will depend upon the size of 
the vessel, its material and the manner of conducting the 
experiments, and do not admit of a general practical ex- 
pression. 

99. Specific heat of saturated Tapor. To ex- 
plain more fully the fact that the specific heat of saturated 
steam is negative, let c A J, Fig. o, be the curve of satu- 
ration^ and let Ay on this curve, be 
the state of the steam ; then it is 
found that if it expands without 
transmission of heat the curve of 
pressures will fall below A b and 
follow some line 2l^ Ad (equations 
(150) and (151), page 154, and below 
equation (185a), page 178). Some of ^ pj^ ^^ 
the steam will have been condensed, 

so tliat there will be a less mcuss of vapor than at the state- 
A. In order, then, that the initial amount, one pound, 
shall remain as steam during the expansion, heat must be 
supplied to the steam. On the other hand, if the steam 
be compressed without transmission of heat it will be su- 
perheated and follow some line as ^ ^ ; and to make its 
path coincide with A c, heat must be abstracted. Rankine 
found, from an inspection of actual curves of expansion 
as shown on indicator diagrams, that the equation of the 
curve of expansion was 

^ p v^ •= constant^ nearly. 

But we have previously found that the equation of the 
curve of saturation is 

p -yll = constant^ nearly ; 
which equations show that, if they have one common state. 
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tlie curve of expansion will fall under the curve of satu- 
ration, and the curve of compression rise above it, since it is 
a steeper curve at the common point. This is true for all 
temperatures of steam less than about 976° F. 

Ether engine. To determine the specific heat of 
ether, we have, equation (139), page 147, 

Ap , d hp 

T d r ^ 

and retaining only two tenns of equation (12),, of this 
Addenda, we have 

Ae = 93.32 + 0.3870 r ; 

r T ' 

d hf, ^ ^^*.^ 
* = 0.3870. 



We also have 



d r 



c = 0.517; 
s = 0.517 



93.32 



which is zero for 

r = 180.5° ; 

or, r = - 280° F ; 

hence, for all temperatures above —280° F., s will be posi- 
tive ; that is, the apecific heat of the saturated vapor of ether 
is positive for aU temperatures ocGurrifig in practice. 

This reverses certain conditions of the steam-engine. 
Referring to Fig. f now \ei e A d be the curve of satu- 
ration of the vapor of ether ; then if the vapor be com- 
pressed from the state A tlie path of the fluid will fall 
hehw A <?, and heat must be sxipplied in order that the 
path shall be ^ e, that of saturation. On the contrary, if it 
be expanded without transmission of heat, the vapor will be 
superheated and its path will rise above A d ; and in order 
that its path shall coincide witli A d^ heat must be ab- 
stracted. 
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In the ether engine^ if i;.^ be the volume of a pound of the 
saturated vapor at a temperature t,, and it be compressed 
until its temperature is r, then will the volume of the vapor 
be, equation (150), page 154, 



u 



r'Ofj r, dp^\ 



and the volume of the vapor condensed will be 

Other vapors may be examined in the same manner. (See 
Vapor Engines in the following Article.) 

Temperature of inversion. The temperature at 
which the specific heat of the vapor becomes zero is called 
the temperature of inversion / below which expansion will 
cause condensation, and above whicli expansion will cause va- 
porization, and the contrary, the specific heat being negative. 

* • M. Hirn* gave an experimentol demonstration in 1862 of the con- 
densation accompanying a sudden adiabatic expansion of dry saturated 
steam, and thus proved the negative sign of «' at low temperatures ; he 
allowed steam to pass gently from a boiler, where it was generated under 
5 atmospheres pressure, through a copper cylinder, 200 c. long and 15 c. 
in diameter, the ends of which were closed by plates of glass, until all 
air and condensed water had been driven out and the sides had attained 
the temperature of the steam ; the exit-stopcock of the cylinder was then 
shut, and, the cylinder being full of dry saturated steam, the connection 
with the boiler was cut off and the exit-stopcock suddenly opened ; the 
pressure at once fell, and the cylinder, which had previously appeared 
perfectly transparent to an observer looking along its axis, became per- 
fectly opaque from the formation of a cloud ; this cloud, however, soon 
disappeared, heat being supplied by the vessel as it cooled from 152*' C. 
(the temperature of saturated steam under 5 ordinary atmospheres) to 
100° C. (the temperature under 1 atmosphere). 

M. Cazinf improved this apparatus by connecting the cylinder with 
another in which a piston was movable, and placing the whole in an oil- 
l)ath the temperature of which could be varied at will ; saturated vapor 
in the one could then be allowed to suddenly expand into the other, or 



* Bulletin de la Soe. induttr. de Mulhouae, czxxill. (1868), 1^ ; Cosmos, xsil. (1868), 
413. 
t C. R. Ixli. (1866), 66. 
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when filling both could he suddenly compressed by the motion of the 
piston. A cloud was always formed when steam expanded, but never on 
its compression, and with carbon bisulphide the same occurred ; on the 
contrary, as noticed earlier by M. Hirn, ether vapor never condensed 
during expansion, but always on compression, showing that its temper 
ature of inversion is below ordinary temperatures ; further, the temper, 
ature of inversion appeared to be between 125° and 129** C. for chlo- 
roform, and for 1)enzine between 115** and 130* C. These results are in 
keeping with theory, M. Regnault's formulce giving 790.2**, — 113*, 
123.5% 100* C. for the temperatures of inversion of carbon bisulphide, 
other, chloroform, and benzine respectively." 

lia. The results of Articles 110, 111, 112, illustrate the 
fact that the efficiency, when the operation is in the cycles 
there assumed, is less than that for Camot's cycle when 
worked between the same limits of temperature. The in- 
itial pressures are the same in each of the three cases, being 
j}^ = 14400 lbs. The range of temperatures in the Exer- 
cise on page 174, for superheated steam, expanded isother- 

mallv, is 

r, - T; = 450 - 110 = 340. 

Initial absolute temperature = 910.60 ; 

hence, if the heat absorbed had been worked in a Camot's 
cycle the efficiency would have been 

^' = 910:66 = ^•^"^' 

instead of 0.207 as given in equation (I7la). 

In the Exercises on pages 176 and 178 for saturated steam 
expanded adiabatically, the initial and final temperatures are 
the same, being 

T, = 327.6, T, = 110 ; 
. • . 7; - r, = 217.6, 
r, = 460.66 + 327.6 =^ 778.66 ; 

r — r 

. • . -^ -^ = 0.267, 

^, 

instead of 0.204 or simply 0.200. The latter is 75 per cent 
of the former. 
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If the feed water were of the same temperature as the 
exhaust steam, we would have 



r, - 7; 327.0 - 134 



778.26 



= 0.245, 




whicli also exceeds the efficiencies actually found. 

Vapor engines. T'o find the jnaximum efficiency of 
the ideal va^nrr engine. 

Let M =: t\, Fig. d, be the volume of one pound of the 
liquid, which assume to be constant at all pressures, J. =/»^ 
= the absolute pressure at the temperature r,. Let the vapor 
expand, the temperature being 
maintained constant ; then, since it 
is in contact* witli the liquid, the 
vapor will be saturated and the 
pressure will be constant, equation 
(80), and the line A B, parallel to 
O Ily will be an isothermal. Con- 
tinue the expansion until the liquid 
is completely evaporated, and rep- 
resent the volume M G by \\, From 

B let it be expanded without transmission of heat to a tem- 
perature r, and volume M II = Vq\ then compressed, ab- 
stracting heat 80 as to maintain the constant temperature t„ 
and pressure j9„ to such a point «/ that when compressed with- 
out transmission of heat it will be entirely liquefied when it 
reaches the initial state A. The adiabatics B C and A J 
will be represented by equation (149). The line B N rep- 
resents the curve of saturation, and if the specific heat of 
the vapor be negative, as steam, the adiabatic B C will fall 
under the line B N 2^ before shown. But if the specific 
heat be positive, like the vapor of ether, then may B C rep- 
resent the curve of saturation and B jY an adiabatic, pro- 
vided the vapor is saturated at state JV ; or, in other words, 
if the vapor is to remain saturated, the expansion A B will 
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extend to such a point B that, when expanded adiabatically, 
reducing the temperature from r, to r„ the liquid will not 
be completely evaporated before the lower temperature is 
reached. If the ether be completely evaporated at state B 
it will be superheated when expanded adiabatically as shown 
in Article 09 of this Addenda, and B iV^will be the adia- 
batic of an imperfect gas. Similarly, the point of com- 
pression J will be further to the right for ether, and all 
vapors whose specific heat is positive, than for those which 
are negative. 

The heat absorbed will be, equations (21) and (74), 

//. = r, ill^f'- ,; , = r, ^,; (,. - „.). (1) 

The heat emitted from (7 to e/will be 

Making d r^ =z d r^ = d r^ we have, 

ABcd= ^' (t,. - «,) = ^' K - •",), (3) 

since the areas of all the strips formed by equidistant iso- 
thermals between adiabatics will be equal, as shown in 
Article 40, page 32. 
The efficiency will be 

//, - ^, _ (^- -^ ^-) dl (^' - ^- ) _ r, ^r, 

//, - ^dp ^ r, ' W 

which is the same as for the perfect elementary engine, 
equation (169), page 161. This result might have beeo 
anticipated, since the cycle is Camot's. 

97a. To represent geometrically certain rela- 
tions. 

Equations {A\ page 48, or (123), page 135, give 
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If T be constant during the expansion d v, we have d t = 
0, and 

Dividing both sides bj d v pvea 



\dvJr 



m,-^- 



The factor [■^] is the rate of change of pressnre per 

nnit of temperature, and therefore if the rate were nnifonn 
during the change of unity of temperature from r to r + 1> 
it would be tlic increase 
of pressure due to an in- 
crease of one degree of 
temperature. Draw two 
parallel lines to represent 
two isothermals differing 
by unity. As in tlie cal- 
culus, these lines may be 
tangents to actual isother- 
mals. Let a w and ffj> be 
the isothermals, diffijring 
by one degree of tempera- 
ture. At a let the pres- 
sure bej!> ; then will 

If the abscissa of } in ref- _ *" 

erence to a\te ae = dv, ""■ ^■ 

then a ef h =-ao ■ ae ■=■[ — £- J d v. 
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Let tlie etraight line a g through a be an adiabatic (tangent 
to an actual adiabatic). Divide a p into parts each equal to 
d V, and through the points of division draw lines parallel 
to a c^ and through their points of intersection with a lo 
draw lines parallel to a g\ the spaces thus formed will be 
equal ; and equal to a cfb^ since they have the isame base 
and altitude. Hence 

{(lg))r =aghh:=acfh = (j^j (dv)r. 
Dividinfif by d v, 

\avJr \dT,\ 

Let a i represent unity of volume, or 

a i = 1 ; 
then 

acym:='acX a i = (t"^) • 1> 

which is the right number of the preceding equation. 

-T^l is the number of rfoj's between r and r + 1 for an 
dv/r 

increase of volume equal to unity, and is equivalent to the 
area agzmz=:acym; 



( 



\avJr \d r 'v 



as deduced above, analytically. 

It will be observed that the subscript of the parenthesis 
on one side of the equation is the same as the independent 
variable on the other side ; that is, t is a subscript on the 
left side, and the independent variable on the other. Writ- 
ing the reciprocal of the preceding equation, and observing 
a similar order of subscripts, we have. 



fdv\ _ (dj\ . 
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the geometrical interpretation of which we will proceed to 
sliow. 

The equation 

^ = a constant 

is the equation of an adiabatic^, and the expression f-^ j 

implies the rate of change of temperature due to a change 
in the pressure along the adiabatic a t. Let the pressure at 
a be j9, and at ^, j? + 1? *^^ ^ ?5 parallel to the axis of vol- 
umes ; then 

qt = l. 

The temperature at a being r, that at t will be r + I y- u; 

. • . change of temperature from atot = ( -r- ) . 

The area aghh = dg>\ and if this area were extended 
to ^, its value would be 

and this also equals 

q t : a e =^ 1 . d v^\ 



t 



' \d (p/p \dp )^ 



Assume any arbitrary area as a ^ ^ ^ for an increase of 

^ = 1. Since (^77-) is the increase of temperature for an 

incroai^ of unity of pressure, it is the temperature of the 
isothermal t o above that oi ak\ 

,'.a.res.atnk = (^)^ {(p = 1). 

The expression [-= — j is the abscissa of v for g) unity, and 

hence is the abscissa of k in reference to a ; and this multi- 
plied by y ^ = 1, gives 
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. (-5 — =1 a t n k: 
\d (pip 



hence the etjuality of the expressions. 

The second equation of thermodynamics is 

which becomes for r constant, 



fd q)\ __ __ ldv\ 
\dj)r ^ \d~T): 



or 

If a and h be consecutive states on the isothermal, for an 
increase of vohime d v = a e^ the pressure decreases an 
amovnt a d =^ -^ d p. 

where a^ is the increase of vohime in passing from one 
isothermal, r, to another a unit higher, r + 1, measured 
on a horizontal line ; and this multiplied by an ordinate q t 

= j9 = 1, gives the area a t tip = a t v w. ("t^ is the 

number of <^'s between two isothermals for an increase unity 

in p. 

d<pr=^abhg = a bjp, 

which divided hy — dp gives 

— at up = — \-z — ) = atvw. 
Taking the reciprocal, we have 

\dq)iy \dvJ^^ 

which may be geometrized in a similar manner. 
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Thus, the right-hand member implies the increase of 
temperature for a change of unity of volume on an adia- 
batic. Let a5'=— v= — 1, and from q erect a perpen- 
dicular to meet the adiabatic through aatt; then will the 
increase of temperature at i above that at a be 



{drJi. 



K the increase unity of 9 be represented hj agl k, then 

Also 

fd py 



/ap\ 

\d<plp 



will be the ordinate of g above «, which multiplied by v = 
unity will give the same result as the preceding. 

113. Cut-off. In the analysis on page 182 no account 
is taken of the condensation of steam. In order to determine 
approximately the modification of the preceding analysis 
which would result from this cause, assume that sufficient 
steam is admitted to produce the same pressure up to the 
point of cut-off as if there were no condensation, and that 
the mean effective pressure is the same ; then will all the 
quantities in expression (191), page 183, remain the same 
except r and A. The value of h will be increased, for larger 
boilers may be required, and more fuel will be required, 
and other incidentals may be increased. In the solution, if 
A be increased, (7, Fig. 50, page 184, will be increased, 
and C D will be increased in like proportion, since 

V 

Hence, the point D will be found on the same line 
N D^ prolonged ; but the more remote the point D is, 
the further to the right will be the tangent point P, thus 
requiring a later cut-off. In theory or practice, however, 
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the cut-off in case of condensation will not be very mnch 
larger than if there were no condensation. This case was 
well discussed in the paper by Wolff and Denton in their 
paper read before the Society of Mechanical EngineerSj re- 
ferred to on page 189. It appears from the examples 
there given, that the first cost has an important influence on 
the most economical point of cut-off, and that in stationary 
engines the ratio of expansion should not be very liigh for 
greatest economy — ^all elements involved being considered. 
But in marine engines another element enters — that of 
storage room for fuel. Here, all space saved by reducing 
the amount of coal necessary for making a voyage may be- 
come profitable by furnishing room for the storage of mer- 
chandise, or, otherwise, lessening the non-paying burden of 
the ship. Under these conditions very high expansions may 
be economical when they would not be on land service, 
where storage room is of no value. 

Miscellaneous. 

The following are some average results for the total heat of combustion 
per pound of some liquid fuels. {T/iesis, by James Beatty, Jr., Stevens 
Institute. 1884, p. 72.) 

Petroleum 20,800 B. thermal units. 

Goal gas 20,200 *' 

Creosote 16,400 " 

Asphalt 15.900 " 

Anthracite 14,500" 

Carbon 14.450 " 

Bituminous 14,200" 

Lignite 11,800" 

Peat 9,600" 

Water gas 8,500" 

Wood 6,800" " •' 

Generatorgas 8,100" 
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Air liquefied at high pressures — say with about 40 atmospheres and at 
— 142° C. — may be maintained in a liquid state at a pressure of one. 
atmosphere, provided the temperature be lowered to about — 191" C. 
(Phil. Mag., 1885, (2), 468.) 

This i^ similar to the action of steam. If steam be at a pressure of 
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200 pounds to the square inch and temperature 890° F., it cannot be 
liquefied by mere compression ; but if at tiiat pressure the temperature 
be diminished to 380*", it will liquefy, and the pressure may be gradually 
removed down to one atmosphere, provided the temperature be reduced 
to 212*" P. or less. 

Curve of saturation of oxygen. The experiments of Wroblewski for 

the boiling points of oxygen give the following results (Phil. Mag., 

1884, (1), 491) : 

Pressure. Temperature. 

Atm. Degrees C. Degrees F. 

50 - 118 - 171.4 

27.03 - 129.6 - 201.8 

25.85 - 181.6 - 204.9 

24.40 - 138.4 - 208.1 

23.18 - 184.8 - 210.6 

22.2 -135.8 -212.4 

1 - 184.0 - 299.2 

These plotted on the plane of p and r would be the curve of saturation 
on that plane. 

Evaporation and dissociation. {PhU. Mag., 1887, (2), 196. 
This is Part IV. of a series of articles upon liquids and vapors.) 

Boiling points of gases at atmospheric pressure, or the points 
of liquefaction of gases. M. S. Wroblewski has determined the follow- 
ing values, the temperature being measured by means of a thermo> 
electrical apparatus which was considered correct to within ^ of a degree 

down to — 200** C. 

Boiling Point at 

Sobstanoe. Atmospheric Pressure. 

Degrees* 
C P. 

Air -194.2 -817.5 

Oxygen, O -184.0 -299.2 

Nitrogen.N -193.1 -815.6 

Carbonic oxide, CO - 198.0 - 815.4 

Ethyline -198.0 -815.4 

(Phil. Mag., 1884, (1), 490.) 

The conductivity of heat in several liquids is given in the Phil. Ma^., 
1887, (2), 1-27. The conductivity of water is the highest of all those 
reported. If that of water be 100, that of benzine is about 2^.8. p. 18. 
If that of air be 0.00049 C. G. S., that of water will be 0.0645, p. 22 ; 
and that of petroleum about 0.022 ; ether, 0.023 ; carbon disulphide, 
0.016, p. 27. Accordingly, it appears that water is one of the best of the 
liquids for absorbing heat in a boiler. 
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Watt's law* The awn of the eeneible aTid kUeni heaU cf steam u 
constant. 

This is one of the earlier laws deduced from crude experiments, but 
Regnault's experiments showed it to be erroneous. (£q. (78), p. 95. 
Also Browne's translation of Clausius On Heat, pp. 131-134.) 

The mechanical equivaleiit of light, as determined by Ju- 
lius Thomson, is about 12.28 foot-pounds per minute for one candle. 
{PhU, Mag., 1865, Vol. XXX, p. 246.) 

According to Moses G. Farmer, it is about 10.1 foot-pounds per candle 
per minute. (Am, Jour. 8c. and Arts, 1886. Vol. XLI., p. 214.) 

Density of liquefied grases. The aensity of liquid hydrogen at 
0" C. is 0.025 ; at - 23^* C, 0.082 ; of liquid nitrogen at 0' C. 0.37 ; of 
liquid oxygen, 0.65 at O"" G. (Caillett and Hautefeuelle in Comptes Ben^ 
dus, Vol. XCIL, p. 1086.) 

According to Wroblewski, the density of liquefied oxygen is 0.899 at 
- 100** C, and 1.24 at - 200° C. {Chmptes Sendus, 102, 1010.) 

The specific gravity of ice at 0° C. is 0.91886. (Smithsonian 
OmUribuUons, 1888, Vol. XXXIII., p. 40.) . 

Sulphurous acid* Latent heat of evaporation of sulphurous acid 

is 

K = 91.2 - 0.37 t calories, 

very nearly from < = - lO** C. to t = 70° C. 

DensUtf of the saturated gas is 0.00624 at 7.8° G. ; 0.4017 at 1549° C. 
DensUycfthe liquid, 1.4338 at 0° C; 0.6370 at 155.05° C. (Chmptes 
Bendus, Vol. CIV., p. 1564.) 

Short trips across the Atlantic. In May, 1889, the City of 
Perns crossed westward in 5 days, 23 hours and 7 minutes. In August, 
eastward, in 5 days, 23 hours and 44 minutes ; westward, in 6 days. 19 
hours and 18 minutes. 
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LOOAHITHHS OF NUMBEB8. 



N 

"To" 





1 


2 


3 

• 


4 


5 


6 


7 


8 


9 


D 


0000 


013 


086 


128 


170 


212 


258 


294 


884 


874 


IT" 


11 


414 


458 


492 


581 


569 


6or 


(>45 


682 


719 


755 ■ 38 


12 


792 


828 


864 


899 


934 


969 


1004 


1088 


10i2 


1106 85 


13 


1189 


173 


206 


289 


271 


803 


885 


367 


899 


480 32 


14 
15 


461 


492 


523 


558 


584 


614 


644 


678 


703 


732 


80 


1761 


700 


818 


"84?" 


875 


903 


931 


950 


987 


SOU 


28 


16 


2041 


068 


095 


122 


148 


175 


201 


227 


258 


279 26 


17 


804 


880 


855 


380 


405 


430 


455 


480 


504 


529 1 as 


18 


553 


577 


601 


625 


048 


672 


695 


718 


742 


765 : U 


10 
20 


788 


810 


838 


856 


878 


900 


928 


945 


967 


989 


22 
SI 


8010 


082 


054 


075 


096 


118 


139 


160 


181 


201 


21 


222 


248 


268 


284 


304 


3:>4 


345 


865 


385 


404 


20 


22 


424 


444 


464 


488 


502 


522 


541 


560 


579 


508 


13 


28 


617 


686 


655 


674 


692 


711 


729 


747 


766 


784 


10 


24. 
25 


802 


820 


888 


856 


874 


892 


909 


927 


945 


962 


18 
17 


3979 


997 


4014 


4081 


4048 


4065 


4082 


4090 


4116 


4138 


26 


4150 


166 


188 


200 


216 


282 


249 


265 


281 


298 


16 


27 


814 


330 


346 


862 


878 


898 


409 


425 


440 


456 


16 


28 


' 472 


487 


502 


518 


588 


548 


564 


679 


594 


609 


15 


29 
30 


024 


689 


054 


669 


688 


698 


718 


728 


742 


757 


15 
14 


4771 


786 


800 


"siT" 


829 


843 


857 


871 


886 


900 


81 


914 


928 


942 


955 


969 


983 


997 


6011 


5QS4 


5088 


14 


82 


5051 


065 


079 


092 


105 


119 


132 


145 


159 


172 


13 


88 


185 


198 


211 


224 


237 


250 


263 


276 


289 


302 


13 


84 
35 


315 


828 


840 


858 


866 


878 


391 


403 


416 


428 


13 
Id 


5441 


458 


465 


478 


490 


502 


514 


527 


539 


651 


86 


568 


575 


587 


599 


611 


623 


685 


647 


658 


670 


12 


87 


682 


694 


705 


717 


729 


740 


752 


763 


775 


786 


12 


88 


798 


809 


821 


832 


848 


855 


866 


877 


888 


899 


11 


89 
40 


911 


922 


983 


944 


955 


966 


977 


988 


999 


6010 


11 
11 


6021 


031 


042 


053 


064 


075 


085 


096 


107 


117 


41 


128 


188 


149 


160 


170 


180 


191 


201 


212 


222 


10 


42 


282 


243 


258 


263 


274 


284 


294 


304 


314 


325 


10 


48 


385 


345 


355 


365 


375 


885 


395 


405 


415 


425 


10 


44 
45 


485 


444 


454 


464 


474 


484 


493 


503 


518 


522 


10 
10 


6582 


542 


551 


561 


571 


680 


590 


599 


609 


618 


46 


628 


637 


046 


656 


665 


675 


684 


698 


702 


712 





47 


721 


780 


739 


749 


758 


767 


776 


785 


794 


803 


9 


48 


812 


821 


880 


889 


848 


857 


866 


876 


884 


893 


9 


49 
50 


902 


911 


920 


928 


987 


946 


955 


964 


972 


981 


9 
9 


6990 


098 


7007 


7016 


7084 


7088 


7049 


7060 


7059 


7067 


51 


7076 


084 


U9<i 


101 


110 


118 


126 


185 


143 


152 


8 


52 


160 


168 


177 


185 


198 


202 


210 


218 


226 


285 


8 


53 


243 


251 


2.59 


267 


275 


284 


292 


300 


308 


316 


8 


54 


324 


832 


340 


348 


356 


364 


372 


380 


388 


396 


8 
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N 





1 


2 


3 


4 


6 


6 


7 


8 


9 


D 

8 


7404 


413 


419 


427 


435 


443 


451 


459 


466 


474 


56 


482 


490 


497 


505 


518 


530 


528 


536 


548 


551 


8 


57 


559 


566 


574 


582 


589 


597 


604 


612 


619 


637 


8 


58 


634 


642 


649 


657 


664 


673 


679 


686 


694 


701 


1 


59 
60 


709 


716 


738 


731 


738 


74:1 


7.-»2 


7G0 


767 


774 


7 
7 


7783 


"789" 


796 


808 


810 


818 


8i6 


832 


889 


846 


01 


853 


860 


868 


875 


883 


889 


896 


90 i 


910 


917 


7 


63 


934 


931 


938 


945 


953 


95> 


966 


973 


980 


987 


7 


63 


993 


aooo 


8007 


6014 


8021 


8028 


8085 


8041 


8M8 


8055 


7 


64 
65 


8062 


069 


075 


082 


089 


096 


103 


109 


116 


122 


7 
7 


8129 


136 


142 


149 


156 


162 


169 


176 


182 


189 


66 


195 


202 


209 


215 


222 


228 


235 


241 


248 


254 


7 


67 


261 


267 


274 


280 


287 


293 


299 


806 


813 


819 


G 


68 


325 


331 


838 


844 


851 


857 


863 


370 


876 


882 


6 


69 
70 


888 


' 895 


401 


407 


414 


420 


426 


482 


489 


445 


6 
6 


8451 


457 


"463" 


470 


476 


482 


488 


494 


600 


506 


71 


513 


519 


525 


531 


537 


548 


549 


555 


561 


567 


G 


72 


573 


579 


685 


591 


597 


608 


609 


615 


631 


627 


6 


7:^ 


633 


639 


645 


651 


657 


663 


669 


675 


681 


686 


G 


74 
75 


692 


698 


704 


710 


716 


722 


727 


783 


739 


745 



6 


8751 


756 


763 


768 


774 


779 


785 


"tST 


797 


"8^ 


76 


808 


814 


820 


825 


831 


887 


842 


848 


854 


859 


6 


77 


865 


871 


876 


882 


887 


898 


899 


904 


910 


915 


6 


78 


921 


927 


933 


938 


943 


949 


954 


960 


965 


971 


G 


79 
80 


976 


982 


987 


993 


998 


S004 


9009 


9015 


9030 


9025 


5 
5 


9031 


036 


042 


047 


053 


058 


063 


069 


074 


079 


81 


085 


090 


096 


101 


106 


112 


117 


122 


128 


133 


5 


83 


138 


143 


149 


154 


159 


165 


170 


175 


180 


186 


5 


83 


191 


196 


201 


206 


212 


217 


222 


227 


282 


238 


5 


84 
85 


243 


248 


253 


2,58 


263 


269 


274 


279 


284 


289 


5 

5 


9294 


299 


304 


809 


815 


820 


825 


330 


835 


840 


86 


345 


350 


855 


860 


365 


370 


375 


880 


885 


390 


6 


87 


395 


400 


405 


410 


415 


420 


425 


480 


485 


440 


5 


88 


445 


450 


455 


460 


4'J5 


469 


474 


479 


484 


489 


5 


89 
00 


494 


499 


504 


509 


518 


518 


523 


528 


538 


638 


5 
5 


9542 


547 


553 


557 


562 


566 


571 


676 


581 


"ssT 


91 


590 


595 


600 


605 


609 


614 


619 


624 


638 


638 


5 


92 


638 


643 


647 


652 


657 


661 


666 


671 


675 


680 


5 


93 


685 


689 


694 


699 


708 


708 


718 


717 


722 


727 


5 


94 
95 


731 


736 


741 


745 


750 


' 754 


759 


763 


768 


778 


5 
5 


9777 


782 


786 


791 


795 


800 


805 


~809 


814 


"818 


96 


823 


827 


832 


836 


841 


845 


850 


a54 


859 


863 


5 


97 


868 


872 


877 


881 


886 


890 


894 


809 


903 


908 


4 


98 


912 


917 


921 


926 


930 


984 


939 


948 


948 


952 


4 


99 


956 


961 


965 


969 


974 


978 


988 


987 


991 


996 


4 
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LOOABTTHMS OF NUHBESS. 



Pbopobtional Paets. 



D 


1 


2 


3 


4 


5 


6 


7 


8 


9 


42 


4.2 


8.4 


12.6 


16.8 


21.0 


25.2 


29.4 


88.6 


87.8 


88 


3.8 


7.6 


11.4 


15.2 


19.0 


22.8 


26.6 


80.4 


84.2 


85 


85 


7.0 


10.5 


14.0 


17.5 


21.0 


24.5 


28.U 


81.5 


S'j 


8.3 


6.4 


9.6 


12.8 


16.0 


19.2 


22.4 


25.6 


28.8 


80 


8.0 


6.0 


9.0 


12.0 


15.0 


18.0 


21.0 


24.0 


27.0 


2i 


T5" 


8.6 


8.4 


iLjJ 


Hi) 


" i4.i 


iU 


23.4 


S&.2 


26 


2.6 


5.2 


7.8 


10.4 


18.0 


15.6 


18.2 


20.8 


28.4 


25 


2.5 


5.0 


7.5 


10.0 


12.5 


15.0 


17.5 


20.0 


22.5 


24 


2.4 


4.8 


7.2 


9.6 


12.0 


14.4 


16.8 


19.2 


21.6 


22 


2.2 


44 


_6.6 


8.8 


11.0 


18.2 


15.4 


17.6 


19.8 


21 


Hi 


4.8" 


d.8 ' 


,«g,._ 


m 


iU 


i4.» 


14.8 


18.ii 


20 


2.0 


4.0 


6.0 


8.0 


10.0 


12.0 


14.0 


16.0 


18.0 


19 


1.9 


8.8 


5.7 


7.6 


9.5 


11.4 


18.8 


15.2 


17.1 


18 


1.8 


8.6 


5.4 


7.2 


9.0 


10.8 


12.6 


14.4 


16.2 


17 


1.7 


8.4 


5.1 


6.8 


8.5 


10.2 


11.9 


18.6 


15.8 


10 


i.a 


U 


4.S 


" W 


8.0 


'9.6' 


"ii.a 


12.8 


14.4 


15 


1.5 


8.0 


4.5 


6.0 


7.5 


9.0 


10.5 


12.0 


18.5 


14 


1.4 


2.8 


4.2 


5.6 


7.0 


8.4 


9.8 


11.2 


12.6 


18 


1.8 


2.6 


8.9 


6.2 


6.5 


7.8 


9.1 


10.4 


11.7 


12 


1.2 


2.4 


8.6 


4.8 


6.0 


7.2 


8.4 


9.6 


10.8 


11 


1.1 


&^ 


ft.8 


4.4 


"inr 


A. 6 


6.8 


6.9 


10 


1.0 


2.0 


8.0 


4.0 


6.0 


6.0 


7.0 


8.0 


9.0 


9 


.9 


1.8 


8.7 


8.6 


4.5 


5.4 


6.8 


7.2 


8.1 


8 


.8 


1.6 


2.4 


8.2 


4.0 


4.8 


6.6 


6.4 


7.2 


7 


.7 


1.4 


2.1 


2.8 


8.5 


4.2 


4.9 


5.6 


6.3 


6 


.6 


l.a 


i.8' 


Z.'k 


"TT" 


"?.4" 


U 




hA 


5 


.5 


1.0 


1.5 


2.0 


2.5 


8.0 


8.5 


4.0 


4.5 


4 


.4 


.8 


1.2 


1.6 


2.0 


2.4 


2.8 


8.2 


3.6 


8 


.8 


.6 


.9 


1.2 


1.5 


1.8 


2.1 


2.4 


2.7 


2 


.2 


.4 


.0 


.8 


1.0 


1.2 


1.4 


1.6 


1.8 



Modulus of the common system = 0.4342945. 

1 



loff.10 = 2.802585 = -^^^^^ 

6 = 2.71828128 
log,„e = 0.4842945. 
log^= 2.802585 log.^N. 
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TABLE 11. 

REDUCTION TABLES. 

C0NVBR8ION OF English and Mstbic Units. 

IFoot = 0.8048 metre. 

1 Litre (vol. of 1 kilog. water) = 0.2202 gal. 

1 Gallon (vol. of 10 lbs. water) = 4.541 litres. 

1 Kilogramme per sq. mm. = 1422.28 lbs. per sq. in. 

1 Lb. per sq. inch = 703.0968 kilog. per sq. metre. 

1 Grain = 0.0648 gram. 

1 Foot-pound = 0.1383 metre-kilog. 

1 Atmosphere = 14.7 lbs. per sq. in. = 10884 kilog. per sq. metre = 

29.922 inches, or 760 mm. of mercury = 88.9 ft., or lOi metres of 

water. 
1 Pound av. = 0.4536 kilog. 

1 Calorie (kilog. water raised 1' C.) = 424 metre-kilog. = 3.9683 B. T. U. 
1 Eng. heat unit (lb. water raised r F.) = 778 ft. -lbs. = 0.254 calorie. 

French Mbasurbs in Equiyalbnt English Measures. 

heabt7rb8 of lbngth. 

1 Millimetre = 0.03937079 inch, or about ^ inch. 
1 Centimetre = 0.3937079 inch, or about 0.4 inch. 
1 Decimetre = 8.937079 inches. 
1 Metre = 39.87079 inches = 3.28 feet nearly. 

1 Kilometre = 89370.79 inches. 

MEASURES OF AREA. 

1 sq. decimetre = 15.5006 sq. inches. 

1 sq. metre = 1550.06 sq. inches, or 10.764 sq. ft. 

MEASURES OF WEIGHT. 

1 Gramme = 15.432349 grains. 

1 Kilogramme = 15432.849 grains, 2.2046 lbs., or 2.2 lbs. nearly. 

TWO UNITS INVOLVED. 

1 Gramme per sq. centimetre = 2.048098 lbs. per sq. foot. 

1 Kilogramme per sq. metre = 0.2048098 

1 Kilogramme per sq. millimetre = 2.048098 

1 Kilogramme metre = 7.23814 ft.-lbs. 

= 7i ft. lbs. nearly. 
1 force de clieval = 75 kilogrammetres per second, or 542^ foot- 
pounds per second nearly. 1 horse-power = 550 foot pounds per second. 



14 <• 

f ( << 
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TABLES. 



TABLE III. 



Liquids anj} Solids. 



Water, pure (at 89M F.). 

" aea, ordinary 

Alcohol, pure 

•' proof spirit 

Ether 

Mercury 

Naphtha 

()il> linseed 

" olive 

" whale 

• * of turpentine 

Petroleum 

Ice 

Brass 

Bronze 

SoiT.v";.::::::::::: 

Iron, cast 

Iron, wrought 

Lead 

Platinum 

Silver 

Steel 

Tin 

Zinc 



Weisht of a ca- 
ble foot of the 
sabetaiice. 



w. 

62.425 
64.05 
49.88 
57.18 
44.70 
848.75 
52.94 
58.68 
57.12 
57.62 
54.31 
54.81 
57.5 
487 to 533 

524 
537 to 556 

1186 to 1224 
444 
480 
712 

1311 to 1378 
655 
490 
462 
436 



Specific Grav 
ity. 



S. G. 
1.000 
1.026 
0.791 
0.916 
0.716 
13.596 
0.848 
0.940 
0.915 
0.923 
0.870 
0.878 
0.92 

7.8 to 8.5 
8.4 

8.6 to 8.9 

19 to 19.6 
7.11 
7.69 
11.4 

21 to 22 
10.5 
7.85 
7.4 
7.2 



I Expansioii. 
—Liquids 
I per unit of 
;volame. So- 
lids per anit 
of length, 
from 88* to 
21 y F. 

E 
0.047*75 
0.05 
0.1112 



0.018153 



Specific 
Heat. 



0.08 
0.08 

« ■ • I 

0.07 



.00216 

.00181 

.00184 

.0015 

.0011 

.0012 

.0029 

.0009 

.002 

.0012 

.0022 

.00294 



I 



C. 
1.000 



720 
0.033 
0.434 



.434 
.504 



.0951 
.0298 

■ « ■ ■ 

.1138 
.0293 
.0814 
.0557 

• • • • 

.0514 
.0927 
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TABLE IV. 

Properties of Gases Considered Perfect. 



I. 



Naxb or THB Gab. 



Atmospheric Air, 

Oxygen 

Nitrogen 

Hydrogen 

Chlorine 

Bromine 



Nitric Oxide 

Carbonic Oxide 

Hydrochloric Acid. . . 

Carbonic Acid 

Nitric Acid 

Steam 



Sulphuric Acid 

Hydro-sulphuric Acid 
Carbonic Di-sulphide. 

Carburettcd Hydrogen 

Chloroform 

defiant Gas 



Ammonia Gas 

Benzine 

Oil of Turpentine. . . . 

Wood Spirit 

Alcohol 

Ether 



Ethyl Sulphide 

Ethyl Chloride 

Ethyl Bromide 

Dutch Liquid 

Aceton 

Butyric Acid 

Tri chloride of Silicon 
Tri-chloride of Phos- ^ 
phorus ) 

Tri-chloride of Arsenic 
Tetra-chloride of Ti- ) 
tanium ) 

Tetra-chloride of Tin . 



n. 



Chemical 
Compo- 
sition. 



O, 
N, 

H, 

CI. 
Br, 

NO 
CO 
HCl 

CO. 
N.O 
H, O 

SO. 
H. 8 

CS. 

CH4 
C H CI, 

Ca H4 

NH, 
Cfl H« 

Cio Hie 

cn4 

C.H. O 
C4 Hio O 

C« Hio S 
C, H» CI 
C. H. Br 

C, H. CI. 
C. HaO 
C« H. O, 

Si CI, 

PCI, 

As CI, 
TiCl* 

SnCh 



in. 



Density. 



1 

1.1056 

0.9713 

0.0692 
2.4502 
5.4772 

1.0384 
0.9673 
1.2596 

1.5201 
1.5241 
0.6219 

2.2118 
1.1747 
2.6258 

0.5527 
4.1244 
0.9672 

0.5894 
2.6942 
4.6978 

1.1055 
1.5890 
2.5573 

3.1101 
2.2269 
3.7058 

3.4174 
2.0036 
3.0400 

5.8833 

4.7464 

6.2667 
6.6402 

8.9654 



IV. I V. 
Specific Heat at 
Constant Pressure 



compared 
Weight 

for 
Weight 

wiUi 
Water. 



VI I VII. 
Specific Heat at 
C netantVolune 



0.2375 
0.21751 



com- 
pared 
Voiame 
for Vol- 
nmcwitli 
Air. 



1 
1.013 



com- 
pared 

Weight 
for 

Weight 

witn 

Water. 



com- 
pared 

Volume 
for 

Volume 
with 
Air. 



0.1689 
0.1551 



0.24380 0.997 0.1727 



3.40900 



0.993 



0.12099 1.248 
0.05552 1.280 



0.2317 
0.2450 
0.1852 

0.2169 
0.2262 
0.4805 

0.1544 
0.2432 
0.1569 

0.5929 
0.1567 
0.4040 

0.5084 
0.3734 
0.5061 

0.4580 
0.4534 
0.4797 

0.4008 
0.2738 
0.1896 

0.2293 
0.4125 
0.4008 

0.1322 

0.1347 

0.1122 
0.12190 

0.0939 



1.013 
0.998 

0.982 

1.39 
1.45 
1.26 

1.44 
1.20 
1.74 

1.38 
2.72 
1.75 

1.26 

4.26 

10.01 

2.13 
3.03 
5.16 

5.25 
2.57 
2.96 

3.30 
3.48 
5.13 

3.27 

2.69 

2.96 
3.61 



2.411 

0.0928 

0.0429 

0.1652 
0.1736 
0.1304 

0.172 
0.181 
0.370 

0.123 
0.184 
0.131 

0.468 
0.140 
0.359 

0.393 
0.350 
0.491 

0.395 
0.410 
0.453 

0.379 
0.243 
0.171 

0.209 
0.378 
0.378 

0.120 

0.120 

0.101 
0.119 



8.54 0.086 



1 

1.018 

0.996 

0.990 
1.350 
1.395 

1 018 
0.997 
0.975 

1.55 
1.64 
1.86 

1.62 
1.29 
2.04 

1.54 
3.43 
2.06 

1.37 

5.60 

13.71 

2.60 

8.87 
6.87 

6.09 

3 21 
3.76 

4.24 
4.50 
6.82 

4 21 
3.39 

3.77 
4.67 

4.59 
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TABLES. 



TABLE V. 

Saturated Steam. 
p, Pressure per square inch. 
T, Temperature degrees F., Eq. (81), page 97. 
V, Volume of a pound of saturated steam in cubic feet, equation 
(84), in which p is pounds per square foot 

w. Weight of a cubic foot of steam = — • 

V 

h. The heat in one pound of liquid above 82'' F. in thermal units, 
equation (7), page 303. The values, however, are the direct results of 
Regnault's experiments. 

Ae, The latent heat of evaporation in thermal units, equation (10), 
page 304. 

h, The total heat of steam above 82'* F. being equal to A -f- Ae. 

saturated steam. 



p. 


T, 


t?. 


w. 


A. 


Aa. 


b. 


0.089 
0.2 
1 


82.0 

54.0 

102.0 


8387. 

1482. 

885. 


00029 
0.00066 
0.00299 


0.0 
22.1 
70.0 


1091.7 
1018.7 
1048.0 


1091.7 
1098.4 
1118.1 


5 
10 
15 


162.8 
198.2 
218.0 


78. 
38. 
26.2 


0.01366 
0.02621 
0.08826 


130.7 
161.9 
181.8 


1000.8 
979.0 
965.1 


1181.5 
1140.9 
1146.9 


20 
25 
80 


228.0 
240.0 
250.3 


29.9 
16.1 
18.6 


0.05028 
0.06199 
0.07360 


196.9 
209.1 
219.4 


954.6 
946.0 
988.9 


1151.5 
1155.1 
1158.3 


85 
40 
45 


259.2 
267.1 
274.8 


11.8 

10.4 

9.8 


0.08508 
0.09644 
0.1077 


228.4 
286.4 
248.6 


982.6 
927.0 
922.0 


1161.0 
1168.4 
1165.6 


50 
55 
60 


280.9 
286.9 
292.5 


8.4 

7.7 
7.1 


0.1188 
0.1299 
0.1409 


250.2 
256.8 
261.9 


917.4 
913.1 
909.8 


1167.6 
1169.4 
1171.3 


65 

70 
75 


297.8 
802.7 
807.4 


6.6 

6.15 

5.70 


0.1519 
0.1628 
0.1786 


267.2 
272.2 
276.9 


905.5 
902.1 
898.8 


1172.7 
1174.3 
1175.7 


80 
85 
90 


810.9 
815.2 
820.0 


5.49 
5.18 
4.858 


0.1848 
0.1951 
0.2058 


281.4 
285.8 
290.0 


895.6 
892.5 
889.6 


1177.0 
1178.3 
1179.6 


95 

100 
105 


828.9 
827.6 
881.1 


4.619 
4.408 
4.206 


0.2165 
0.2271 
0.2378 


294.0 
297.9 
801.6 


886.7 
884.0 
881.8 


1180.7 
1181.9 
1182.9 


110 
115 
120 


884.56 
887.86 
841.05 


4.026 
8.862 
8.711 


0.2488 
0.2589 
0.2695 


805.2 
808.7 
812.0 


878.8 
876.8 
874.0 


1184.0 
1185.0 
1186.0 



SATUBATEO STEAK. 
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8ATUBATED STEAM— 


OcnUintied. 






P' 


T. 


V. 


IT. 


h. 


Ae. 


b. 


126 
180 
185 


844.18 
847.12 
850.08 


8.572 
8.444 
8.828 


0.2800 
0.2904 
0.8009 


815.2 
818.4 
821.4 


871.7 
869.4 
867.8 


1186.9 
1187.8 
1188.7 


140 
145 
150 


852.85 
855.59 
858.26 


8.212 
8.107 
8.011 


0.8118 
0.8218 
a8821 


824.4 
827.2 
880.0 


865.1 
868.2 
861.0 


1189.5 
1190.4 
1191.2 


155 
160 
165 


860.86 
868.40 
865.88 


2.919 
2.888 
2.751 


0.8426 
0.8580 
0.8635 


882,7 
885.4 
888.0 


859 8 
857.4 
855.6 


1192.0 
1192.8 
1198.6 


170 
175 

180 


868.29 
870.65 
872.97 


2.676 
2.608 
2.585 


0.8787 
0.8841 
0.8945 


840.5 
848.0 
845.4 


868.8 
862.0 
860.8 


1194.8 
1195.0 
1195.7 


185 
100 
195 


875.28 
877.44 
879.61 


2.470 
2.408 
2.849 


0.4049 
0.4158 
0.4257 


847.8 
850.1 
852.4 


848.6 
847.0 
846.8 


1196.4 
1197.1 
1197.7 


200 
205 
210 


881.78 
888.82 
885.87 


2.294 
2.241 
2.190 


0.4859 
0.4461 
0.4565 


854.6 
856.8 
858.9 


848.8 
842.2 
840.7 


1198.4 
1199.0 
1199.6 


215 
220 
225 


887.88 
889.84 
891.79 


2.142 
2.096 
2.051 


0.4669 
0.4772 
0.4876 


861.0 
868 
866.1 


889.2 
887.8 
886.8 


1200.2 
1200.8 
1201.4 


280 
285 
240 


898.69 
895.56 
897.41 


2.009 
1.968 
1.928 


0.4979 
0.5082 
0.5186 


867.1 
869.0 
871.0 


884.9 
888.6 
882.2 


1202.0 
1202.6 
1208.2 


245 
250 
255 


899.21 
400.99 
402.74 


1.891 
1.864 
1.819 


0.5289 
0.5898 
0.5496 


872.8 
874.4 
876.5 


880.9 
829.5 

828.8 


1208.7 
1204.2 
1204.8 


260 
265 
270 


404.47 
406.17 
407 85 


1.785 
1.768 
1.722 


0.5601 
0.5705 
0.5809 


878.4 
880.2 
881.9 


826.9 
825.6 
824.4 


1205.8 
1205.8 
1206.8 


275 
280 
285 


409.50 
411.12 
412.72 


1.691 
1.662 
1.684 


0.5918 
0.6020 
0.612 


888.6 
885.8 
887.0 


828.2 

821.8 
820.6 


1206.8 
1207.1 
1207 6 


290 
295 
800 


414.82 
415.87 
417.42 


1.607 
1.580 
1.554 


0.622 
0.688 
0.644 


888.6 
890.8 
891.9 


819.5 
8ia8 
817.2 

• 


1208.1 
1208.6 
1209.1 


806 
810 
815 


418.92 
420.42 
421.92 


1.529 
1.505 
1.481 


0.654 
0.664 
0.675 


898.5 
895.0 
896.6 


816.1 
815.1 
814.0 


1209.5 
1210.1 
1210.6 


820 
825 
880 


428 87 
424.82 
426.24 


1.459 
1.487 
1.415 


0.685 
0.696 
0.707 


898.1 
899.6 
401.1 


818.0 
811.7 
810.6 


1211.1 
1211.8 
1211.7 


885 


427.64 


1.895 


0.717 


402.6 


809.6 


1212.1 
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Adiabatics, definition 16 

" equations for ammonia gas 834 

*' ** '* imperfect gases 148 

*' perfect " 61 

" " " saturated vapor 184 

" " " steam 177 

Air, a perfect gas 9 

an imperfect gas 13 

compressor 301 

engine t 16 

free expansion 114 

friction of, in pipes 306 

specific heat 53 

thermometer 1 7 

Ammonia, latent heat 348 

" liquid, specific heat of 335 

volume 338 

some properties 325-333 

vapor, isothermals of 333 
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specific volume 333 

Binary vapor engine 278 

Circulating fluid 324 

Combustion 358 

Compressor 301 

Condenser ; 19, 154 

Cycle, definition : 17 

*' Carnofs 17 

" reversible 20 

" non-reversible * 20 

Diagram, ideal of steam 171 

indicator 20 

Duty of a refrigerating plant 340 
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PA6B 

Efficiency, definition 159 

compressor 305 

elementary engine 163 

refrigeration 822, 838, 351 

steam 176, 177, 178, 182. 193, 200 

Engine, air 169, 226, 226, 296 

ammonia 274 

gas 247 

heat 159, 169 

naphtha 266, 270. 271 

peTieci elementary 18, 19, 159 

steam 169-184 

Stirling's hot-air 223, 225 

Equation of gas 10, 18, 330 

general 48, 126, 187, 426 

Ether, luminiferous 2, 369-387 

specific heat of 882 

temperature of 379 

Evaporation, latent heat of 9^, 409 

Evaporative power, total heat of 110, 111 

Expansion, adiabatio 15, 61, 177, 268, 297 

isothermal 14, 64, 172, 238, 298 

ratio of 154, 172, 197 

Fluid, circulating 824 

** imperfect 12. 85 

•' perfect 8 

Friction of air in pipes 806 

Function, thermodynamic 136 

Furnace 256 

Fusion, latent heat of 77, 88 

Gas, engine 247 

" equation of 10 

" flow of 81 

free expansion of 114 

imperfect 12, 395 

perfect 8, 51 

Heat, actual 4 

energy 1 

engine ' 17, 15^-817 

internal 4, 410 

latent 5 

mechanical equivalent of 24, 77 

total of steam 110, 407 
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PAOB 

Heat, velocity of 2 

Heights, measurement of 106 

Imperfect fluids 85 

** gas 12 

Injector 276 

Internal work 4 

Isengeric 897 

Isentropic 16, 397 

Isobar 897 

Isody namic 397 

Isometric 897 

Isopiestic 897 

Isothermal expansion 172 

lines 14, 333 

Joule's equivalent 24 

Latent heat 5, 88, 94, 828, 411 

Law of Gkiy-Lussac 12 

** " Mariotte 12 

Lines, adiabatics 16 

isothermal 14 

thermal 13,897 

Machine, refrigerating 818 

Mariotte's law 12 

Mechanical equivalent of heat 24, 77 

'* mixtures 108 

Melting point 89, 405 

Multiple expansions 210 

Naphtha engine 266 

Pressure, constant 29 

" and temperature constant 98 

" ** volume constant 107 

Pulsoraeter 292 

Ratio of expansion 245 

Refrigerating machine 818 

Regenerator 166 

Scale, absolute 9 

' * Thomson's 898 

Sound, velocity of 75 

Specific heat 49, 58, 77, 118, 120, 407 

apparent 120 

expression for 117-131 

of ammonia gas 826 

** liquid ammonia 337 
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FAGE 

Specific heat of saturated vapor 145 

ratio of 54, 75, 404 

volume 10, 98, 333 

" ofair 10 

" *' " ammonia gas 833 

State, change of 68 

Steam engine 169, 213 

injector 279 

pump 181 



" saturated 96 



expansion of 177, 184 

formulas for 97, 411-414 

specific heat of 145, 420 

total heatof 406 

superheated 113, 417 

expansion of 172 
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" turbine 808 

Stirling's hot-air engine 223 

Temperature 5 

** absolute ^ 9 

" of inversion 422 

Thermal lines 18, 397 

Thermodynamic function 187 

Thermodynamics, second law 83, 889-893 

Thermometer 6, 7 

air 7 

Vapor 96 

" engines 184, 424 

** of ammonia 833 

" specific heat of saturated «. . . 145 

. *' totalheatof 94.406 

" weight of 99 

Velocity of heat 2 

" '* sound 75 

Volume, specific 10, 98 

Wave, velocity of.i 74 

Work 3 

" done 19 

Zero, absolute 10, 116 
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